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Voorwoord
Dit proefschrift is h e t resu ltaa t van een fan tastisch  verlopen onderzoek, financieel en 
m aterieel ondersteund  door R ijksw aterstaat, uitgevoerd tussen juli 1998 en augustus 
2003 aan de Radboud Universiteit Nijmegen en de Rijksuniversiteit Groningen.
H et eerste m otief om deze studie te beginnen kwam voort u it waarnem ingen die ik 
deed tijdens m onitoringonderzoek  langs h e t T w entekanaal. H ier bestudeerde  ik, in 
opdracht van R ijkswaterstaat, de kolonisatie van nieuw  aangelegde ondiepe oeverstroken 
door w aterplan ten . W aar kom en die p lanten  vandaan? W elke zaden w orden door het 
w ater vervoerd? Hoe kom t he t dat som m ige soorten  m aar kort aanwezig zijn, terwijl 
andere het veel langer uithouden? Ik bedacht dat het in teressan t en wenselijk zou zijn 
om m eer inzicht te krijgen in de factoren die de vestiging van waterplanten in d it milieu 
bepalen. Im m ers, de vestiging van w aterp lan ten  is een belangrijk  doel in h e t heden ­
daagse w aterbeheer om dat w aterp lan ten  van groot belang zijn voor schoon en helder 
water. H et tweede m otief was een persoonlijke: ik vond het, na een periode van lesgeven 
en beschrijvend veldonderzoek, belangrijk  m ijn biologische kennis te verdiepen. De 
'drive’ om daarbij te promoveren was vooral ontstaan tijdens vele stim ulerende excursies 
en gesprekken m et mijn Tsjechische vriend, Prof. dr. Antonm  Pysek. Ik had mij verheugd 
op zijn aanw ezigheid in de prom otiecom m issie, m aar helaas zal hij d it n ie t m eer 
meemaken. M et dit proefschrift gedenk ik een groot geobotanicus en herinner ik mij zijn 
warm e vriendschap.
Aan de opzet en u itvoering van d it onderzoek en h e t to tstandko m en  van h e t 
proefschrift hebben verschillende m ensen een bijdrage geleverd. Toine Smits zette zich 
in tijdens de s ta rt  van h e t onderzoek en in troduceerde  mij bij Jan van G roenendael, 
hoofd van de afdeling A quatische Oecologie & M ilieubiologie van de Radboud 
U niversite it, w aar een deel van h e t onderzoek is uitgevoerd. Specifiek gebeurde d it 
binnen de onderzoeksgroep Milieubiologie van Jan Roelofs, waarbij Fons Smolders mijn 
vaste begeleider/coprom otor werd. Fons, bedankt voor de gedegen opleiding die ik van 
je kreeg in de aquatische chem ie, bedank t voor je hulp  bij h e t analyseren van de 
m onsters en de verdere begeleiding; bedankt ook voor de gezelligheid tijdens de ritten in 
de veldbus en voor het vertrouw en in mij. Jouw enthousiasm e, stim ulerende ideeën en 
opbouwende kritiek op de m anuscripten hebben een enorm  positieve invloed op mij en 
mijn onderzoek gehad. Jan van Groenendael, mijn prom otor, gaf mij alle ruim te om het 
onderzoek vorm te geven. Jan, dank voor de gastvrijheid op de afdeling, je ondersteuning
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en opbouw ende kritiek  op en stim ulerende discussies over de m anuscrip ten . M et Jan 
Bakker, m ijn p ro m o to r van de R ijksun iversite it G roningen w erk te  ik als s tu d en t 
(assisten t) al samen. Toen ik Jan in 1998 na vele jaren weer tegenkwam en hem  vertelde 
over mijn prom otieonderzoek was hij gelijk enthousiast. Hij stim uleerde mij om ook de 
rol van dispersie en de zaadvoorraad bij de vestiging van w aterplanten te betrekken en 
bood mij, m ede nam ens Jelte van Andel, onderzoeksruim te aan. Zo kwam ik, na 22 jaar, 
terug op de plek w aar ik m ijn opleiding had genoten: he t L aboratorium  voor 
Plantenoecologie in het Groningse Haren. Jan, bedankt voor de gastvrijheid die ik genoot 
in je onderzoeksgroep en in de kas, voor je steun, en voor de opbouwende kritiek op de 
m anuscripten.
Zowel in Nijmegen als in Haren ontm oette ik een stim ulerende en coöperatieve sfeer. 
In N ijm egen was G erm a V erheggen een onm isbare steun  bij h e t analyseren van 
honderden m onsters. Germa bedankt voor je hulp! Bedankt ook M artin Versteeg voor je 
hulp  bij h e t insta lleren  van pom pen, bij h e t m aken van h e t ne t voor h e t vangen van 
zaden en bij andere technische en praktische zaken. Veel andere (ex)collega’s van deze 
onderzoeksgroep hebben mij op enig m om en t m et raad en daad terzijde gestaan: Jan 
Roelofs, Leon Lam ers, E sther Lucassen, H ilde Tom assen, Roy Peters, M aria van 
K uppeveld, Philippine Vergeer, Paul van de Ven, R alf R ibbers en Dries Boxman. 
Iedereen hartelijk bedankt! Mijn dank gaat verder u it naar Jelle Eygenstein, Rien van der 
Gaag en Liesbeth P ierson van h e t G em eenschappelijk  In s trum en tarium  voor hun  
deskundige hulp bij h e t uitvoeren van de chem ische analyses. In H aren dank ik Jacob 
H ogendorf die honderden  k ilo ’s zand en po tg rond  steriliseerde  ten  behoeve van h e t 
dispersie- en zaadbankonderzoek en die de kweekbakken in de kas verzorgde. Jacob, het 
was een waar genoegen om elke keer weer even in het Gronings bij te kletsen. Bedankt 
ook Renée Bekker en Gerard ter H eerdt voor jullie adviezen bij he t uitvoeren van het 
zaadbankonderzoek, de s tim u lerende gesprekken over de stud ie  en de opbouw ende 
kritiek op een deel van de m anuscripten. Alle collega’s van beide onderzoeksinstituten: 
het was fijn om m et jullie te werken!
R ijksw aterstaat was de derde, even belangrijke, partij in d it onderzoek die de 
resu lta ten  gebru ik t(e) voor h e t op tim aliseren  van de in rich ting  en h e t beheer van 
natuurv riendelijke oevers langs kanalen en andere gro te w ateren . De D ienstkring 
Twentekanalen en IJsseldelta (Arnold Geerdink, Berend Klok, Gertjan Leereveld, Arnold 
Seinen, M artin  Sm allegoor, W im  Tukker, de m edew erkers van de s teu n p u n ten ), de 
D irectie O ost-N ederland  (Cees Beverloo, M ireille Götz, G errit van Hezel, Klaas 
Huisbrink, Etta ten Kate, Gerrit Knoeff), de M eetdienst van de Directie Oost-Nederland 
(Albert ten Brinke, Frank O osterbroek), de D ienst Weg- en W aterbouw kunde (M artin 
Soesbergen, Prisca Duijn) en de Directie Noord-Brabant (Marjan de Groot-van Leerdam, 
H ubert van Beusekom) van Rijkswaterstaat dank ik hartelijk voor de ondersteuning van 
d it p ro ject en de p re ttige  sam enw erking. V oor h e t vangen van de zaden in het 
Tw entekanaal was de ondersteun ing  van de M eetd ienst van gro te w aarde. D oor het 
inze tten  van een eerstek las boo t m et p rim a vangappara tuur en een fan tastische 
bem anning (Ab H om m erson en Rinus Volman) konden zeer goede resultaten  geboekt
8
Voorwoord
worden. In het bijzonder A lbert ten Brinke van deze dienst wil ik in het zonnetje zetten: 
A lbert, bedankt voor je lum ineuze idee om het apparaat dat norm aliter gebruikt w ordt 
om het zandtransport over de bodem van rivieren te m eten, in te zetten voor het vangen 
van de zaden. Bedankt voor de vele hulp die je mij geboden heb t op de boot en in het 
veld tijdens h e t verzam elen van de (zware) onderw aterbodem m onsters. M artin  
Soesbergen en Prisca Duijn van de D ienst Weg- en W aterbouwkunde: hartelijk bedankt 
voor de ondersteun ing  en p re ttig e  sam enw erking, de gezellige gem eenschappelijke 
excursies en opbouw ende k ritiek  op m ijn adviesrapporten  en een deel van de 
m anuscripten.
H et was fijn dat ik bij twijfel over de determ inatie  van m oeilijke soorten(groepen) 
kon terugvallen op de deskundigheid  van John  B ruinsm a (w aterp lan ten ), A lbert 
Corporaal (zegges) en Philip Sollm an (m ossen). Mijn hartelijke dank hiervoor. John, 
bedankt ook voor je hulp in het veld en de mooie excursie. Dank ook aan Louis Jan van 
den Berg en Benno te Linde voor jullie hulp tijdens een velddag in de Koningsbeek en 
aan W im  O zinga voor h e t beschikbaar ste llen  van ongepubliceerde gegevens en de 
gezellige gesprekken. Ook de ondersteunende d iensten  van de b ib lio theek  en de 
afdelingen Grafische Vorm geving (Jolanda Hiddink) en Fotografie (Dick van A alst en 
Gerard D ekkers) in N ijm egen heb ik erg gew aardeerd. Dick V isser van de afdeling 
Grafische Vormgeving in Haren verzorgde de opmaak van het gehele proefschrift. Dick, 
je hebt prachtig werk geleverd: heel hartelijk dank hiervoor.
Een prom otiestudie doe je n iet zomaar. Belangrijk is dat je je gesteund w eet door je 
naaste(n). De w arm e belangstelling van m ijn kinderen, broer, schoonzus en vrienden 
deden me goed. Jikkie, al m eer dan vijfendertig jaar mijn levensgezellin, was tijdens de 
gehele onderzoeksfase een fan tastische steun  voor mij. Zaden tellen  voor de 
drijfproeven, h e t uitvoeren van regeneratie- en k iem ingsexperim enten, he t tellen van 
duizenden opgekom en w olfspoten, elzen, kroosplantjes en kroosvarens, he t m eten  en 
wegen van fonteinkruiden, h e t invoeren van duizenden data: je w erd m et veel plezier 
deelgenoot van mijn onderzoek. Het is aan jou, Jikkie, dat ik dit proefschrift opdraag.
Ger
Lochem, voorjaar 2005
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Chapter
General introduction
Rooted submerged plants, such as Hottonia palustris (left) and Ranunculus peltatus, are an important 
component of aquatic ecosystems. The diaspores of both species were found in the samples collected 
from the Twentekanaal.
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Chapter 1
On the importance o f submerged aquatic vegetation
Rooted subm erged and floating-leaved p lan ts1 are an im portan t com ponent of shallow 
aquatic  ecosystem s. They provide food for fish, invertebrates, birds and m am m als, 
spawning sites for fish, substratum  for invertebrates and shelter for zooplankton against 
fish predation (Jeppesen & Sammalkorpi 2002; W eisner & Strand 2002). The submerged 
vegetation influences the chemical and physical character of the w ater column including 
wave action, tem pera tu re , ligh t clim ate, oxygen and carbon concentra tion , pH and 
turbidity (Carpenter & Lodge 1986), and it affects sedim ent characteristics such as redox 
potential, oxygen concentration and organic m atter con ten t (W eisner & Strand 2002). 
Hence, the status of the subm erged vegetation is an im portant indicator of the condition 
of aquatic ecosystems.
In shallow  w aters, there is com petition for light and nu trien ts between subm erged 
p lan ts, phy top lank ton  and free-floating p lan ts. In large tem pera te  shallow  lakes, 
subm erged p lan ts, the  dom inan t species a t relatively low n u trie n t levels, are out- 
com peted by phytoplankton at high n u trien t levels (Scheffer et al. 1993). In the early 
phase of increasing nutrient loads, however, there is considerable resistance towards this 
shift which is attributed to a num ber of feed-back mechanism s such as enhanced fixation 
of n u trien ts  and reduced sed im ent resuspension by increasing biom ass o f subm erged 
vegetation  (discussed in Jeppesen & Sam m alkorpi 2002). In con trast, a t decreasing 
nu trien t loads, resistance towards the shift from the turbid phytoplankton-dom inated 
s ta te  to the clear-w ater s ta te  w ith  subm erged  p lan t dom inance is found as well 
(Jeppesen & Sam m alkorpi 2002). T herefore, tw o alternative stab le sta te s m ay occur 
w ith in  in term ed ia te  n u trie n t levels in lakes: the tu rb id  and the clear-w ater sta te  
(Scheffer et al. 1993; Jeppesen & Sammalkorpi 2002). In smaller tem perate w ater bodies 
such as ponds and d itches on the o ther hand, subm erged p lan ts are n o t replaced by 
phy toplankton  b u t by free-floating p lan ts  a t increasing n u trie n t levels (Portielje & 
Roijackers 1995). In these system s, free-floating p lan t dom inance and dom inance of 
subm erged p lan ts are hypothesized to be the  two alternative stab le  sta te s at 
interm ediate nu trien t levels (Scheffer et al. 2003).
The establishment o f a submerged vegetation as a target for ecological 
amelioration projects
Given the im portant role of submerged species in the functioning of aquatic systems, the 
estab lishm ent of subm erged vegetation is a com m on ecological target for a variety of 
aquatic  res to ra tio n  and am elioration  pro jects (N ienhuis & G ulati 2002; W eisner & 
S trand 2002). The resto ra tion  of shallow  lakes, for exam ple, has focused and still is
1 This thesis addresses rooted submerged and floating-leaved vegetation and species such as Potamogeton 
alpinus, P. natans and Myriophyllum spicatum. For the sake of legibility, the adjectives 'rooted’ and 'floating­
leaved’ have been omitted at several places
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focusing on the reduction  of n u trie n t load in o rder to achieve a sh ift from  the 
phytoplankton-dom inated state to the clear-water state dom inated by subm erged aquatic 
plants (Jeppesen & Sammalkorpi 2002 for a review). Ecological am elioration projects of 
navigated canals are also aim ed a t the estab lishm en t of subm erged and em ergent 
vegetation in wave-protected shallow zones ('backwaters’ after M urphy et al. 1996) along 
the w ater bodies (Holmes & Hanbury 1995; Willby & Eaton 1996; CUR 2000).
In north-w est Europe, an extensive netw ork of artificial navigable canals exists. The 
British and D utch canal system s curren tly  com prise c. 2,800 km  and 5,000 km, 
respectively, o f navigable w aterw ays (W illby & Eaton 1996; W ikipedia 2004). 
Unnavigated and lightly trafficked canals, a sm all fraction of the total system , contain 
diverse aquatic p lan t com m unities and rep resen t im portan t habitats for invertebrates 
and fish. They can therefore be o f considerable na tu re  conservation in terest, despite 
their artificial character (Hanbury 1986; Willby & Eaton 1996). The majority of canals, 
however, is navigated. As a consequence of direct physical damage and boat-generated 
waves and curren ts, such canals are devoid of roo ted  aquatic  p lan ts  and have a low 
biodiversity  (H aslam  1978; M urphy et al. 1995). In view of the  ex ten t o f the canal 
netw ork, the creation  of backw aters along these w ater bodies m ay therefo re  largely 
contribute to increasing aquatic biodiversity. Various forms of piling or dams of an inert 
hard rock have therefore been created at a few m etres from the em bankm ent to allow 
vegetation to grow in the relatively calm w aters inside it and to protect the vegetation on 
em bankm ents (Holmes & Hanbury 1995; CUR 2000). As canals are interconnected and 
extend over w atersheds, they have opened up w ater connections betw een river and 
stream  catchm ents, thereby increasing opportun ities for the d ispersal of aquatic and 
riparian plants and other aquatic organisms (Willby & Eaton 1996; M urphy et al. 1995).
This thesis investigates factors th a t po ten tia lly  determ ine  the estab lishm en t of a 
roo ted  subm erged  vegetation  in newly created, w ave-protected  shallow  w ater zones 
w hich provide an excellent large-scale open-air experim en t to study  colonization 
processes s ta rting  from  (alm ost) bare underw ater bo ttom s. Backw aters o f the 
Twentekanaal, an im portant canal for both navigation and drainage in the eastern part of 
the N etherlands, are in the centre of this w ork (Intermezzo 1).
Factors potentially involved in the establishment o f a rooted submerged 
vegetation 
I Species pool and dispersal
The potential vegetation of w aters lacking propagules1 from former vegetation is deter­
m ined by the influx of diaspores1 from the surrounding species spool. Vectors involved 
in the  d ispersal of aquatic p lan t species include w ater curren ts and floods, birds and
1 Diaspore: the plant unit actually dispersing (Van der Pijl 1982). When the dispersal process has ended and 
a diaspore has been deposited at the soil or at the sediment, the term propagule is used. Both diaspores and 
propagules include vegetative parts and generative organs from which a new plant may grow
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fishes, w ind and hum ans (Sculthorpe 1967; Bakker et al. 1996; Barrat-Segretain 1996). 
This research addresses diaspore transport by w ater (hydrochory) which has been con­
sidered  the  m ost im p o rtan t m echanism  for aquatic p lan t dispersal (Barrat-Segretain 
1996).
R ooted subm erged  species th a t could directly  provide the diaspores su itab le  for 
colonization of backwaters, are absent from navigated canals. Therefore, the supply of 
diaspores to these waterways including backwaters is determ ined by the availability of 
ta rget species a t the nex t larger landscape scale, the stream s and channels of the 
catchm ent area th a t discharge in to  them  (the regional species poo l1 sensu Zobel et al. 
1998; Fig. 1.1). The established aquatic vegetation of the stream s in the drainage area of 
the  Tw entekanaal com prises, in general, bo th  subm erged and em ergent species th a t 
m ight potentially colonize the backwaters, given similar w ater quality conditions.
Flow regime and stream  morphology (M erritt & W ohl 2002) facilitate m ovem ents of 
diaspores from the stream s to the navigated canal (Fig. 1.1). However, little  evidence 
exists to show quantitatively the dispersal capacity and im portance of stream s (Forman 
1995; bu t see Andersson et al. 2000).
Factors th a t determ ine a species’ ability to m igrate dow nstream  from the regional 
species pool into the canal by hydrochorous dispersal m ight be: (i) the distance between 
the source population and the target site; (ii) the frequency of occurrence and abundance 
of source populations in the regional species pool; (iii) the fecundity, i.e. the am ount of 
diaspores produced; and (iv) the dispersal capacity tha t is largely determ ined by diaspore 
buoyancy of a species involved (c.f. Zobel et al. 1998; Fig. 1.1).
To m igrate successfully from the reservoir of diaspores in the main w ater body of the 
canal to the target sites, the dispersal phenology of hydrochorous p lants is im portan t 
(Fig. 1.1). Factors tha t determ ine the dispersal phenology of a species m ight be: (i) the 
release period  of its d iaspores; (ii) the  buoyancy of its d iaspores; and (iii) the  tim e 
characteristics of the transp o rt m edium , i.e. the occurrence of floods and high-w ater 
flows (Junk et al. 1989; M iddleton 2002).
The successful establishm ent of a species in backwaters depends on: (i) the timing of 
diaspore dormancy (Baskin & Baskin 1998); and (ii) the availability of gaps (Bullock et al. 
2002). Dormancy may enable p lan t species to bridge unfavourable seasons and species 
w here diaspores are dispersed in different seasons of a year may show  different patterns 
of emergence. Those w ith dispersal peaks in spring or sum m er are hypothesized to have 
m ainly non-dorm ant diaspores w hereas species w ith  peaks in au tum n and w in ter are 
m ore likely to have dorm an t diaspores (Bartley & Spence 1987). As the colonization 
starts with bare underwater bottom s, there is no gap lim itation in backwaters.
1 Regional species pool: the set of species occurring in a certain region which are capable of coexisting in the 
target community, where 'region’ is defined as a reasonable large portion of the landscape with a more or 
less uniform physiography and climate, from which species are expected to reach the target community 
(Zobel et al. 1998)
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Figure 1.1 Conceptual framework of the study.
Rooted submerged aquatic species are absent from the navigated canal but do occur in the streams 
that discharge into it. They are potentially capable of establishing in the backwaters and comprise 
the regional species pool. It is known that flow regime and stream morphology facilitate diaspore 
transport, but factors that determine the ability of a species to migrate downstream are unknown. 
These factors, discussed in part I of this thesis, act as a sieve: only those species with the proper 
dispersal traits can reach the canal.
To migrate successfully from the reservoir of diaspores in the navigated canal to the backwaters, the 
dispersal phenology of a species is likely to be important. Factors that determine the dispersal 
phenology are addressed in part I as well.
Diaspores that reach the habitat may build up a propagule bank. Whether and to what extent this 
propagule bank contributes to the establishment and maintenance of a submerged vegetation is 
addressed in part II.
Which and how many submerged species and individuals can become established in the local 
vegetation, depends on the number of microsites that fulfil the conditions required for the 
germination and establishment of any propagule. Herein, the backwater environment behaves as a 
sieve. The abiotic characteristics of this sieve are addressed in part III.
STREAM
15
Chapter 1
II Propagule banks
W hen propagules arrive a t the underw ater bo ttom , they can em erge im m ediately. 
Alternatively, they may decay or persist a t the sedim ent surface or in the sedim ent for a 
sho rter or longer period of tim e (Fig. 1.1). Species w ith propagules tha t persist in the 
sedim ent for less than one year have a so-called transient propagule bank; species with 
propagules persisting for a t least one year have a persistent propagule bank (Thompson 
et al. 1997). Propagule banks are im portan t in the regeneration  of vegetation in tidal 
w etlands after a draw dow n (Van der Valk & Davis 1978). In the propagule banks of 
underw ater sed im ents, annual subm erged species m ay occur abundantly; perennial 
subm erged species such as Potamogeton spp., on the o ther hand, are rarely found 
(Kautsky 1990; Skoglund & Hytteborn 1990; W estcott et al. 1997). W hether and to what 
ex ten t propagule banks m ay con tribu te  to the estab lishm en t and m ain tenance of 
subm erged species in backwaters, is poorly understood (Ivens 1994).
III Environmental conditions
Diaspores th a t reach the backwaters as a resu lt of dispersal and tha t are subsequently 
p a rt o f the  w ater colum n or p ropagule bank rep resen t the source from  w hich new 
vegetation  m ay arise. W hich and how  m any species and individuals can becom e 
established depends on the num ber of m icrosites tha t fulfil the conditions required for 
germ ination  and estab lishm en t of any propagule (H utchings 1997). H erein, the 
backw ater env ironm ent acts like a sieve (H arper 1990; Fig. 1.1) p e rm itting  the 
estab lishm en t of only certain  species a t any given tim e (Van der Valk 1981). The 
characteristics of th is environm ental sieve can be locally different, and th is allows 
different species to become established.
It is generally assum ed (Crawford 1987; W etzel 2001; W eisner & Strand 2002) that 
the environmental characteristics that influence the establishm ent of subm erged aquatic 
p lan ts  are ligh t availability, sed im en t struc tu re , sed im en t com position  and redox 
potential, tem perature, nutrients, pH, alkalinity and hydraulic features. O f these, light is 
considered to be a key factor tha t controls, for example, the depth at which submerged 
aquatic plants can grow (Spence 1982; Middleboe & M arkager 1997).
Due to anthropogenic causes, the w ater column of navigation canals in W estern Europe 
is characterized  by high loads of n itrogen  and phosphoru s w hich m igh t p rom ote 
phytoplankton growth, resulting in turbid w ater (Willby & Eaton 1996; Bak et al. 1997; 
In term ezzo 1). A dditionally, resuspended  sed im ent greatly con tribu tes to the turbid  
state of the w ater body (M urphy & Eaton 1983; M urphy et al. 1995). Canal w ater also 
moves through backw aters th a t are connected to the m ain w ater body. Reduced light 
availability m igh t therefo re constrain  the  estab lishm en t and m ain tenance of a 
subm erged vegetation in this habitat.
Resuspended material is deposited in relatively sheltered parts of backwaters (Smart 
et al. 1985; RWS Noord-Brabant & RIN 1989; Willby & Eaton 1995). Decomposition of 
organic m atter in such accum ulated sedim ents may lead to anoxic conditions and to a
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decrease o f the redox po ten tia l as was show n in w ave-protected  zones along lakes 
(Rolletschek 1999). Am m onium  is the dom inant nitrogen ion in the interstitial w ater of 
such sed im ents, con trasting  w ith  the overlying w ater w here n itra te  usually exists in 
m uch h igher concentra tions (W etzel 2001). R ooted subm erged  species, capable of 
taking up am m onium  and n itra te  through  bo th  roo ts and shoo ts (Nichols & Keeney 
1976; Best & M antai 1978), are thus po ten tia lly  faced w ith  excessive n itro gen ­
assim ilation  rates w hich m ight im pair the ir grow th. It has been suggested  th a t such 
grow th inhibition  is related to the luxurious uptake and subsequen t incorporation of 
am m onium  in nitrogen-rich free amino acids, the assim ilation of which requires energy 
and carbon tha t cannot then be used for growth (Marschner1998; Smolders et al. 1996).
Especially in poorly aerated  w ater layers, elevated w ater colum n am m onium  
concentra tions can reduce the grow th and v itality  of subm erged species such as 
Potamogeton crispus (Glänzer et al. 1977) and Stratiotes aloides (Smolders et al. 1996).
Direct effects of high w ater colum n n itra te  concentrations on the growth of rooted 
submerged species are known from m arine examples. Unrelated to light reduction from 
phy toplankton  and epiphytic algae on leaf tissues, n itra te  en richm ent of the w ater 
colum n directly  reduced the grow th of Zostera marina (B urkholder et al. 1994). In 
contrast, n itra te  en richm ent of the w ater colum n did n o t affect Halodule wrightii, 
w hereas the grow th o f Ruppia maritima was s tim u la ted  (B urkholder et al. 1994). In 
eutrophic freshwater systems, however, direct effects of nitrate enrichm ent of the w ater 
column on submerged species are no t known yet.
In sheltered  parts o f w ater bodies, deposited  sedim ents can contain  large num bers of 
duckweed (Lemnaceae) propagules (Van der Valk & Davis 1978). Dominance of duckweeds 
is related to high nutrient (phosphorus and nitrogen) concentrations of the water column 
(De Groot et al. 1987). As nutrient-rich  sedim ent significantly can im pact the nu trien t 
loads o f shallow w aters (e.g. Van Luijn et al. 1999; W etzel 2001), the developm ent of 
duckweed m ats from single propagules m ight therefore be driven by nu trien t fluxes from 
such sed im ent, provided th a t grow th is n o t prevented  by o ther factors. Subm erged 
species are unable to grow below  duckw eed m ats because the p enetra tio n  of ligh t is 
reduced (Sculthorpe 1967). M oreover, potentially  phytotoxic com pounds such as free 
sulphide can be released under these conditions (Rolletschek 1999) seriously affecting 
the survival of roots of submerged species (Smolders & Roelofs 1996).
Research questions and outline o f the thesis
This thesis investigates the m ain factors th a t govern the estab lishm en t of roo ted  
submerged species in shallow backwaters, considered from the context of the landscape, 
the local com m unity  and the individual p lan t. It addresses seven specific questions 
grouped around the three aforem entioned them es corresponding to the parts I-III of this 
thesis. The answers to these questions will be discussed in the synthesis, part IV.
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I Species pool and dispersal
1 Which factors determine a species' ability to actually migrate downstream by hydrochorous 
dispersal from the regional species pool into the Twentekanaal?
2 Which factors determine the dispersal phenology of species?
Before the research on the role of p lan t dispersal and propagule banks in the 
establishm ent of aquatic vegetation started, a p ilot study was carried ou t to determ ine 
the  bes t em ergence and germ ination  trea tm en t for the  propagules in the floating 
m ateria l and sed im en t sam ples collected. Therefore, the em ergence of propagules 
derived by sieving from subm erged sedim ents and the germ ination from seeds of four 
Potamogeton species w ere tested  under d ifferen t w ater regim es in a glasshouse. The 
outcom e of th is experim ent, applied in both  the d ispersal stud ies and the propagule 
bank study, is presented in Chapter 2.
The K oningsbeek, a channelized stream  discharging in to  the  canal in the 
neighbourhood of newly constructed backwaters (Fig. 3.1), was selected to investigate 
the  established vegetation, w hich is considered  to be rep resen tative for the regional 
species pool. During one year, the diversity and abundance of diaspores dispersed in this 
stream  were assessed and com pared with: (i) the occurrence of species in the established 
vegetation; (ii) the distance to the nearest stand; and (iii) three specific life-history traits 
(buoyancy of diaspores, diaspore production, p lan t height) tha t m ight affect the ability 
to d isperse  from  the species pool in to  the dow nstream  end of the w atercourse. The 
results are presented in Chapter 3.
The diversity and abundance of diaspores dispersed in the canal itself were quantified 
over a one-year period  and re la ted  to w ater discharge. The dispersal phenology of 
individual species was assessed and related to the duration of diaspore release and the 
buoyancy of diaspores. In addition, it was explored w hether there w ere hydrochorous 
plant dispersal types, i.e. categories of species tha t disperse abundantly during a similar 
period  of the year in a sim ilar way and are characterized  by sim ilar d ispersal and 
dormancy traits of the diaspores. In Chapter 4 the results of this work are discussed.
II Propagule banks
1 Can propagule banks contribute to the (re)establishment and maintenance of submerged 
vegetation?
The diversity  and abundance o f p lan t species in subm erged propagule banks of 
superficial and deeper sed im en t layers o f backw aters are s tud ied  in C hapter 5. In 
addition, the relationship between these propagule banks and the standing vegetation is 
discussed and the potential role of propagule banks in the establishm ent of (submerged) 
aquatic vegetation.
III Establishment in relation to abiotic conditions
1 Which and how many submerged plant species and individuals become established in 
backwaters?
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2 Which abiotic factors explain the main variation in the established species composition?
3 What is the relative importance of three potential stressors (low light; muddy sediment; high 
water column nitrate concentration) for the survival and growth of a submerged species?
4 What are the effects of the accumulation of muddy, nutrient-rich sediment on the 
eutrophication of shallow backwaters and on the development of floating plant dominance?
W hich and how  m any subm erged aquatic  p lan t species and individuals becom e 
established in newly constructed backwaters along the Twentekanaal, was assessed for 
70 sites in the first year after construction  (Interm ezzo 2). In addition, the resu lts of 
m onitoring  the vegetation  succession during a period o f five years are p resen ted  in 
Interm ezzo 2.
The correlations betw een the established aquatic vegetation and the physical and 
chem ical characteristics of w ater and sed im en t are explored in C hapter 6. For the 
analyses, data  w ere used from  80 plo ts in backw aters a t varying stages of succession 
since the construction of the backwaters along two sim ilar navigation canals including 
the Twentekanaal. These correlations reveal the potential causes for the lack or decline 
of submerged aquatic vegetation and species in backwaters.
One of the roo ted  subm erged species th a t show ed a low abundance and transien t 
occurrence in backwaters was Potamogeton alpinus (Intermezzo 1). This species was used 
to te s t the com bined effects of th ree  p o ten tia l abiotic s tresso rs (low light, m uddy 
sed im ent and high w ater colum n n itra te  concentra tion) on its survival and grow th 
(Chapter 7).
The effect o f the accum ulation  of m uddy, relatively organic sed im en t on the 
eutrophication of backwaters and on the recruitm ent and developm ent of free-floating 
p lan t layers was investigated  in field enclosures contain ing e ither m uddy or sandy 
sedim ent (Chapter 8).
IV Synthesis
This part, C hapter 9, discusses the answ ers on the research questions and provides a 
synthesis of the previous three parts. An overview of the relative im portance of each of 
the them es (dispersal, p ropagule banks and abiotic conditions) for the  po ten tia l 
estab lishm en t of subm erged  aquatic vegetation  will be p resen ted  and extended to 
em ergent aquatic and riparian species w hen appropriate. The im plications for applied 
questions will be discussed in the end.
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Intermezzo 1 Backwaters along navigated canals
The Twentekanaal as a case study
Between the eighteenth and early tw entieth century, an extensive network of canals was 
constructed  for the com m ercial carriage of cargoes in the N etherlands. To date, the 
m ajor use for these canals is commercial and recreational navigation but they have also 
becom e in teg ra ted  in to  the land drainage system . They also frequently  serve as a 
resource of freshwater to agriculture, industry and the production of drinking water. The 
T w entekanaal is one of the m ain in land  navigation canals and com bines all these 
functions.
The Twentekanaal was dug betw een 1930 and 1938 (Fig. i1.1) in order to connect 
industrial centres in the eastern part of the N etherlands with the river IJssel, a branch of 
the river Rhine. It includes a main canal and a lateral canal cutting through a Pleistocene 
landscape with sandy and loamy soils (Fig. i1.2). The construction of the canal had and
Figure i1.1 As a part of unemployment relief works, the Twentekanaal and stream sections that 
were crossed were partly dug by hand. Workers push wheelbarrows filled with sand and clay out of a 
groove: the origin of a new section of a stream adjacent to the canal (Schipbeek 1931). Photo from 
the collection Frijlink-Spronk, provided by the Historisch Genootschap Lochem Laren Barchem.
20
Intermezzo 1
still has a m ajor im pact on regional ecology and hydrology. In to ta l 39 stream s and 
channels form erly discharging in to  the river IJssel w ere crossed (Fig. i 1.2) and 
consequently the m igration for aquatic and riparian life in these stream s was interrupted 
by this canal. From that time onwards, the upstream  sections of these stream s discharge 
into  the canal and in this way its 'catchm ent area’ com prises 46,000 ha of agricultural 
land, villages and towns. Upstream  movem ents of aquatic organisms from the canal into 
the stream s are in general no t possible because of considerable differences in elevation.
The w idth of the canal varies between 40 and 60 m and the depth between 3 and 5 
m. In 2003, abou t 15,000 boats passed th rough  the canal, o f w hich 12,500 w ere 
commercial vessels and 2,500 recreational boats. The w ater level is adjusted by locks and 
pum ps and is therefore fairly constant. In general, there is net drainage of w ater into the 
river IJssel due to discharge from stream s, and a small net w ater supply from the IJssel 
during periods of drought (Fig. i1.3).
The canal w ater is suffering from high nu trien t loads (Fig. i1.4) as a consequence of 
discharge from  stream s crossing fertilized agricultural land. N itra te  is the dom inant 
n itrogen  ion w hich is found in high concen tra tions, particularly  in w in te r and early 
spring (Fig. i1.4). The w inter pH is on average 7.71 ± 0.05 SE (n = 18), the sum m er pH 
7.80 ± 0.04 (n = 17). Total alkalinity varies betw een 3.3 and 4.0 m eq L-1. The w ater 
colum n is ra th e r tu rb id  due to boat-induced  tu rbu lence and phytop lank ton  grow th 
(mean Secchi disc transparency is 0.70 ± 0.31 m; n = 35).
Figure i1.2 Survey of the landscape in the eastern part of the Netherlands (inset), showing 
pleistocene hills, brook systems and the Twentekanaal connecting towns (red circles) with the river 
IJssel. Solid lines indicate the location of backwaters, figures indicate height in metres above mean 
sea level.
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Figure i1.3 Mean monthly discharge (+SE) into the river IJssel for the period 1996-2001. Data 
provided by the Ministry of Transport, Public Works and Water Management, Direction Oost- 
Nederland.
Figure i1.4 Annual variation of some surface-water parameters for the Twentekanaal at the location 
Eefde, 3 km from the river IJssel. Mean monthly values (+SE) are given for the period 1999 - 2001. 
Data provided by the Ministry of Transport, Public Works and Water Management, Direction Oost- 
Nederland.
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Between 1938 and 1950, dense fringes o f Com m on Reed (Phragmites australis) 
estab lished  along parts of the canal w hich p ro tec ted  em bankm ents against boat­
generated waves. However, from 1950 onwards, larger m otorized vessels started to use 
the waterway and the intensity  of navigation greatly increased. Consequently, the reed 
fringes gradually declined, banks eroded and the navigated w ater body became devoid of 
rooted aquatic plants (see also M urphy et al. 1995, for a review on the direct and indirect 
effects of navigation on canal ecology). Between 1960 and 1975, vertical w ooden piles 
w ere insta lled  to p ro tec t banks from  fu rthe r w ash erosion resu lting  in an artificially 
sharp transition between w ater and land. On the landward side, only narrow  reed stands 
persisted, dom inated by tall herbs.
From  1985 onw ards, the  M inistry  of T ransport, Public W orks and W ater 
M anagem ent o f the N etherlands has p ro m oted  the use of ecologically-sound bank 
protection m ethods along intensively navigated waterways (e.g. M inisterie van Verkeer 
en W aters taa t 1985, 1989). Banks are no longer considered as a w ell-defined, sharp 
transition from w ater to land, bu t as an integral part of the w ater system (Boeters et al. 
1994). This approach has been adopted for the w idening of the  Tw entekanaal which 
takes place for the purpose of navigation (Schepers et al. 1994). As a result, a potential 
new habitat for rooted aquatic plants and other forms of aquatic life has been created at 
four locations betw een 1988 and 1996 over a to tal length  of c. 17 km  (Fig. i1 .2). It 
consists of 2-8 m wide and less than 1.2 m deep bank zones, separated from the m ain 
w ater body by a defence (vertical steel sheet piles or a dam) and on the landward side 
gradually sloping in to  an em bankm ent (Fig. i1 .5). These shallow  w ater zones are 
connected to the canal by m eans of gaps in the wave breaking structure. However, waves 
may overtop the defence as well. W ithin 1 to 3 years, several backwaters were colonized 
by roo ted  subm erged aquatic species including Callitriche obtusangula, Elodea nuttallii, 
Myriophyllum spicatum, Potamogeton alpinus, P. lucens, P. pectinatus and P. trichoides 
(Boedeltje & K lutm an 1997). However, the occurrence of several species such as P. 
alpinus and P. lucens appeared to be tran sien t (Interm ezzo 2). In general, Phragmites 
australis fringes quickly estab lished  in the transition  zone betw een w ater and land 
(Boedeltje & Klutman 1997, 1998).
In 1996, unpro tec ted  shallow  w ater zones along the canal w ere created  as well. 
However, boat-generated waves caused severe bank erosion (Fig. i1.6). Consequently, 
wooden piles were installed at 5 m from the em bankm ent (Fig. i1.6) and soils including 
rhizomes of P. australis were transplanted into the transition between w ater and land and 
covered w ith a soil-protecting geotextile (Ivens 1993). To date (2004), Nuphar lutea has 
established in the open w ater whereas a 3-m wide fringe of reed (P. australis) and shrubs 
(Alnus glutinosa and Salix spp.) occupy the w ater border.
Given its large catchm ent area, the m any brooks th a t discharge into the canal, and 
the ex tension  o f the newly created  hab ita ts, the  Tw entekanaal offers an excellent 
opportunity  to study the factors th a t influence the establishm ent of species in aquatic 
ecosystems.
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Figure i1.5 Schematic cross-section of a backwater type occurring along the Twentekanaal (above) 
and the field situation three years after construction (below). Cross-section from Directie Zuid- 
Holland & Dienst Weg- en Waterbouwkunde (2002), Natuurvriendelijke oevers in het mondingsgebied 
van Rijn en Maas (modified).
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®
Figure i1.6 Schematic cross- section of the Twentekanaal near to Lochem without a wave-breaking 
structure (A). Boat wash caused severe erosion (B; winter 1996-1997) and consequently, wooden 
piles were installed at 7 m from the embankment. This wave-breaking structure (C) largely protects 
the sandy embankment from erosion. Cross-section from Directie Zuid-Holland & Dienst Weg- en 
Waterbouwkunde (2002), Natuurvriendelijke oevers in het mondingsgebied van Rijn en Maas (modified).
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Aerial photograph of the Twentekanaal near Dochteren with wave- 
protected backwaters at the left side.
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Aerial photograph of the Twentekanaal near Dochteren. Inset: a sediment sample taken from a backwater.
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Chapter
Applying the seedling-emergence method 
under waterlogged conditions 
to detect the seed bank of aquatic plants in 
submerged sediments
Ger Boedeltje, Gerard N.J. ter Heerdt & Jan R Bakker
Aquatic Botany, 72, 121-128
Abstract
Seed bank studies focused on subm erged aquatic plants are generally perform ed under 
submerged conditions, using the seedling-emergence method. However, if a study targets at 
both subm erged and em ergent aquatic species, submerged conditions are generally not 
suitable. We tested the emergence of seedlings from sediment samples from a freshwater 
canal, comparing a waterlogged treatment with a submerged treatment. From the sediment 
samples, 31 species emerged. Eight species germinated in significantly larger numbers from 
the waterlogged treatm ent, one being a subm erged aquatic species and four em ergent 
aquatic species. No species germ inated better under subm erged conditions. The total 
number of species germinating under waterlogged conditions was significantly higher than 
under submerged conditions. Germination experiments with Potamogeton species showed no 
significant differences in germination percentage between a waterlogged and submerged 
treatment for at least two species. In the study of seed banks of submerged sediments, aimed 
at both subm erged and em ergent aquatic plants, a waterlogged treatm ent is therefore 
suitable to detect both groups of plants.
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Introduction
In seed bank analyses of subm erged sedim ents, different m ethods have been practised 
both  in collecting and handling sam ples and assessing the species com position of the 
seed bank. A lthough  d irect exam ination  of seed abundance in sed im ents has been 
applied (e.g. Grillas et al. 1993), germ ination assays to establish the 'ecologically active' 
com ponent (Haag 1983) of the sedim ent seed bank are m ore commonly used (e.g. Van 
der Valk & Davis 1978, 1979; Keddy & Reznicek 1982; Haag 1983; K autsky 1990; 
Skoglund & H ytteborn  1990; G relsson & N ilsson 1991; Bonis et al. 1995; Brock & 
Rogers 1998; Poschlod et al. 1999; De W inton  et al. 2000). W hen using the seedling- 
emergence m ethod, sedim ent samples have been spread in a thin layer over the surface 
of absorbent paper (Finlayson et al. 1990), artificial substrate (Poschlod et al. 1999), sand 
(Skoglund & H ytteborn 1990), po tting  soil (Van der Valk & Davis 1979; Grelsson & 
N ilsson 1991), perlite  (Leck & Sim pson 1987) or a m ixture of sand, po tting  soil and 
p eat (Keddy & Reznicek 1982) in a glasshouse. Kautsky (1990) and De W inton  et al. 
(2000) filled dishes, pots or jars w ith a thin layer of sed im ent and Haag (1983) placed 
undistu rbed  sed im ent sam ples in a glasshouse. Subsequently, the em erged seedlings 
were identified and counted (cf. Ter Heerdt et al. 1996; Thom pson et al. 1997).
In applying the seedling-em ergence m ethod  in the analysis of seed banks of 
subm erged sedim ents, especially the germ ination requirem ents of submerged, floating 
and em ergent aquatic p lants and m udflat annuals m u st be considered. W hen a study 
focuses on subm erged aquatic p lants only, subm erged conditions could be used since 
these species are able to germinate under w ater (e.g. Teltscherova & Hejny 1973; Rogers 
& Breen 1980; Frankland et al. 1987; Sm olders et al. 1995). However, germ ination of 
Potamogeton species from w et m ud is also known (Preston 1995). Moreover, two other 
subm erged species, Hottonia palustris (Brock et al. 1989) and Hottonia inflatata (Baskin et 
al. 1996), germ inated better on a m oist substrate than under subm erged conditions. If 
em ergent aquatic and annual m ud dwelling species are involved, subm erged conditions 
are less suitable for the germ ination of at least several representatives of these groups 
com pared w ith waterlogged situations (e.g. Van der Valk & Davis 1978; Keddy & Ellis 
1985; Leck & Sim pson 1987; M oore & Keddy 1987; Coops & Van der Velde 1995; 
Baskin & Baskin 1998). Should therefore both subm erged and waterlogged treatm ents 
be used in seed bank  analysis o f subm erged  sed im ents if we are in te rested  in the 
occurrence of subm erged, floating and em ergent aquatic p lan ts and annual m ud flat 
species or would a single waterlogged treatm ent be sufficient?
W e perform ed a large-scale study  on sed im en t seed banks from  perm anen tly  
subm erged shallow bank zones along navigation canals, which form a potential habitat 
for both subm erged aquatic plants and helophytes. To determ ine the best germ ination 
conditions, we tested in a glasshouse the emergence of seedlings from sedim ent samples 
and the germ ination of four Potamogeton species, com paring a w aterlogged trea tm ent 
w ith a subm erged treatm ent.
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Materials and methods 
Study area
The study was carried out along the Twentekanaal (52°10' N, 6°20' E) in the eastern part 
of the  N etherlands in constructed  shallow  zones, separated from  the deep navigation 
canal by sheet piles. During the investigation the open w ater of 3-5 year-old zones was 
unvegetated  or partly  overgrow n by subm erged  vegetation  of Potamogeton pusillus, 
Potamogeton pectinatus an d /o r Elodea nuttallii. In 9 year-old zones Phragmites australis, 
Typha latifolia, Carex acuta, Callitriche obtusangula and Spirodela polyrhiza dom inated  
(Boedeltje et al. 2001).
Sample and seed collection
The sed im ent was obtained in the second w eek of April 1999, assum ing th a t natural 
stratification had taken place over the w inter. N ine collection sites, each 25 m 2, were 
selected in the shallow bank zones. These sites were located to represent the three m ost 
abundan t p lan t com m unities: Potamogeton pusillus-Elodea nuttallii (n = 3); Phragmites 
australis-Typha latifolia (n = 3) and Phragmites australis-Callitriche obtusangula (n = 3). 
W ithin each vegetation stand the three sites were randomly selected. A t each site, 10 to 
15 cores were randomly taken from the top layer (2 - 5 cm thick) of the sedim ent w ith a 
Vrij-W it-auger, enabling the collection of undisturbed sedim ent (Van Duin 1992). The 
cores from each site were pooled in a bucket and homogenized. This pooled sample from 
each site was divided into two subsam ples of 1 L each. These were pu t in plastic jars and 
stored in the dark (4 °C) for 2 weeks.
Ripe fruits (hereafter called seeds) of Potamogeton natans were collected in A ugust 2000 
from  several p lan ts  of a na tu ra l popu la tion  in a pond in the n o rth ern  p art o f the 
N etherlands. Seeds of Potamogeton pectinatus, Potamogeton perfoliatus and Potamogeton 
pusillus were collected in July and A ugust 2000 from natural populations in the eastern 
part of the N etherlands. These seeds were stored dark (4 °C) in tap w ater (M uenscher 
1936a, 1944).
Concentrating samples
Each subsam ple was handled according to the improved seedling-emergence m ethod of 
Ter H eerdt et al. (1996): w ashing each sam ple w ith  w ater on a coarse (4.0 m m  m esh 
width) sieve to remove roots etc. and on a fine (0.212 mm  m esh width) sieve to remove 
clay and silt. The residue (0.212 m m  < m aterial < 4.0 mm) was spread in a thin layer 
(m axim um  5 m m  thick) in a p lastic  tray in the g lasshouse. C om pared w ith  
unconcentrated sam ples, this m ethod increases the num ber of species and individuals 
em erging from  the sam ples and the germ ination  ra tes o f the species involved (Ter 
H eerd t et al. 1996). M oreover, bulk  reduction  greatly reduces the  glasshouse space 
needed.
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The germination experiment in the glasshouse
Plastic trays (length 40 cm; w idth 30 cm and height 10 cm) were filled to a level of 4 - 5 
cm w ith a m ixture of equal parts sterilized potting soil and sand and covered w ith 1 cm 
of sterilized  sand. A m ix tu re  of po tting  soil and sand  was chosen since earlier 
germ ination experim ents (Boedeltje unpublished data) indicated that gas formation and 
algal blooms occurred in subm erged trays filled w ith potting soil only (cf. Barko & Smart 
1983). Each tray was placed in an outer plastic tray (50 x 40 x 10 cm) partly filled with 
d istilled  w ater. The inner trays had four 0.5 cm -diam eter holes in the bo ttom  which 
allowed w ater to enter. Two contrasting treatm ents were realized, one w ith w ater 0-1 cm 
below the soil surface ('waterlogged') and one with w ater 2 - 3 cm above the soil surface 
( 'subm erged '). O ne subsam ple from  each site  was kep t w aterlogged, the o ther 
subm erged. The trays w ere se t ou t in a random  arrangem ent in the g lasshouse. O ur 
experimental design corresponds to techniques used in former studies to test the effect 
of different hydrological regim es on germ ination (e.g. Sm ith & Kadlec 1983; Keddy & 
Constabel 1986; Gerritsen & Greening 1989; Ter Heerdt et al. 1999).
The germ ination  experim ent was conducted  betw een April 28th and A ugust 28th 
1999. Air tem perature in the glasshouse was 25 °C or m ore between 06.00 and 21.00 h 
(photoperiod) and 15 °C between 21.00 and 06.00 h. Photon flux density (PAR, 400-700 
nm ) was 400 ^m ol m -2 s-1 provided by grow th lam ps. However, during h o t days the 
tem perature som etim es rose to 40 °C. W ater lost due to evaporation was replaced daily 
by filling the ou ter trays. The seedlings w ere counted weekly and rem oved as soon as 
they could be identified. Seedlings th a t could n o t be iden tified  in a tray w ere 
transplanted into empty pots and allowed to grow until they could be identified. All taxa 
were identified to species w ith the exception of Callitriche, Juncus, Typha and Salix, which 
w ere identified to genus because of the difficulty in discrim inating between species in 
the  seedling stage and the ir num erous occurrences. However, in the  tex t the  term  
species has been used for the term  genus as well, notably in enum erations. 
Nom enclature of species follows Van der Meijden (1996).
In April 2001, germ ination experim ents on Potamogeton seeds were conducted under 
the sam e conditions as the germ ination tests of the sedim ent samples. Four replicates of 
50 seeds each were kept waterlogged and four submerged. G erm ination was defined as 
the emergence of the first foliage leaf from the coleoptile. Final germ ination percentages 
were determ ined after 21 days. Ungerm inated seeds were opened w ith a scalpel under a 
binocular to determ ine if  the  endosperm  was firm  and w hite. To obtain as high as 
possible germ ination percentages (Baskin & Baskin 1998), the experim ent was repeated 
w ith seeds of Potamogeton natans scarified by removing part of the seed coat by a scalpel. 
For the other species scarification was impossible, because no m ore seeds were left.
Data analyses
If the total num ber of seedlings per species in one treatm ent was > 10, the significance 
of the difference between the two treatm ents was tested using the 1-tailed Wilcoxon's 
signed-ranks test. For the Potamogeton seeds, the significance of the difference between
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the tw o hydrological trea tm en ts  was tested  if  the germ ination  percentage was >10, 
using the  M ann and W hitney  U -test. All analyses w ere conducted  using SPSS for 
W indows (Version 9.0).
Results
From the nine pairs of subsam ples a total 31 vascular plant species emerged (Table 2.1). 
E ight species germ inated  in significantly larger num bers under the  w aterlogged 
trea tm en t (Table 2 .1). O ne is a subm erged aquatic genus (Callitriche) and four are 
em ergent species. No species germ inated  in significantly larger num bers from  the 
subm erged sed im ent. The to tal num ber of species th a t em erged under w aterlogged 
conditions (27) was significantly higher than that under subm erged conditions (15).
The germ ination of unscarified seeds of the four Potamogeton species was relatively 
poor (Table 2.2). Only Potamogeton perfoliatus had an adequate germ ination percentage 
(15 - 23%) for evaluation and showed no difference between the treatm ents. Scarification 
had a positive effect on the germ ination  o f Potamogeton natans: abou t 85% of the 
scarified seeds germ inated  and no significant difference betw een the subm erged and 
waterlogged treatm ent could be established.
Discussion
In a few other seed bank studies of subm erged sedim ents, the effects of different w ater 
regimes on the germination of seeds have been compared. Van der Valk & Davis (1978), 
Sm ith & Kadlec (1983), Leck & Sim pson (1987) and G erritsen  & G reening (1989) 
exposed sam ples to m oist soil and subm erged conditions. O ur observations agree with 
their results that m ore species and m ore individuals germ inated from non-flooded than 
from perm anently subm erged sedim ents. However, in all these studies, subm erged and 
free-floating species alm ost exclusively germ inated under w ater. M oist conditions seem 
to be less suitable for the germ ination of seeds of subm erged and free-floating aquatic 
plants than a waterlogged soil w ith a constant w ater level, bu t the precise experimental 
procedures to generate 'm o is t' soils varies substantially  am ong authors, ranging from 
'watering from above twice a day' to 'm oist, no standing w ater' (Smith & Kadlec 1983; 
Leck & Simpson 1987; G erritsen & Greening 1989; Finlayson et al. 1990; Skoglund & 
Hytteborn 1990).
Brock & Britton (1995) and Poschlod et al. (1999) subjected sedim ent samples from 
tem porary  w etlands to e ither w aterlogged or subm erged regim es. Brock & Britton 
(1995) found that m ore angiosperms germ inated in waterlogged conditions; germination 
of Charophytes, how ever, was favoured by flooded conditions. Poschlod et al. (1999) 
observed em ergence from the seed bank of Chara vulgaris, Potamogeton berchtoldii and 
Potamogeton obtusifolius under subm erged conditions only, w hich contrasts w ith  our
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Table 2.1. Number of seedlings per species and total number of species germinated under 
submerged (s) and waterlogged (w) conditions.
Vegetation type: Phr-Cal = Phragmites australis-Callitriche obtusangula; Phr-Typ = Phragmites australis- 
Typha latifolia; Pot-Elo = Potamogeton pusillus-Elodea nuttallii.
Wilcoxon's signed-ranks test: *P < 0.05; ** P < 0.01; *** P < 0.001; NS = not significant; NT = not 
tested.
Vegetation type Total number Sign.
Phr-Cal Phr-Typ Pot-Elo
Treatment s w s w s w s w s#w
n 3 3 3 3 3 3 9 9
Total number of seedlings per species in one treatment > 10
SUBMERGED AQUATIC SPECIES
Callitriche  species 6 58 1 3 3 17 10 78 *
EMERGENT AQUATIC SPECIES
Alisma plantago-aquatica 1 1 1 10 3 5 5 16 *
Lythrum salicaria 119 179 243 689 500 1323 862 2191 *
Phragmites australis 0 1 0 6 0 4 0 11 **
Typha species 4 3 28 27 5 12 37 42 NS
OTHER SPECIES
Eupatorium cannabinum 1 8 0 7 0 7 1 22 **
Juncus species 712 3826 3193 7346 2181 6824 6086 17996 **
Urtica dioica 0 5 0 3 0 10 0 18 *
Salix species 0 15 0 8 0 4 0 27 **
Total number of seedlings per species in one treatment < 10
Agrostis stolonifera 0 2 0 0 1 0 1 2 NT
Alnus glutinosa 0 0 0 1 0 0 0 1 NT
Alisma lanceolatum 0 0 1 0 0 0 1 0 NT
Artemisia vulgaris 0 1 0 1 0 0 0 2 NT
Carex acuta 1 3 0 1 0 1 1 5 NT
Carex vesicaria 0 0 0 0 1 0 1 0 NT
Epilobium hirsutum 0 4 0 0 1 1 1 5 NT
Glyceria fluitans 0 0 0 1 0 0 0 1 NT
Lotus pedunculata 0 0 0 0 0 1 0 1 NT
Lysimachia vulgaris 0 0 0 0 0 1 0 1 NT
Persicaria mitis 0 0 0 2 0 0 0 2 NT
Plantago major 0 0 0 0 1 0 1 0 NT
Poa annua 0 0 0 1 0 0 0 1 NT
Polygonum aviculare 0 0 0 0 1 1 1 1 NT
Ranunculus peltatus 0 0 0 0 1 0 1 0 NT
Ranunculus sceleratus 0 1 0 3 1 0 1 4 NT
Rorippa palustris 0 0 0 0 0 2 0 2 NT
Rumex acetosella 0 1 0 0 0 0 0 1 NT
Scirpus sylvaticus 0 1 0 0 0 1 0 2 NT
Tanacetum vulgare 0 0 0 0 0 2 0 2 NT
Taraxacum officinale 0 0 0 1 0 0 0 1 NT
Veronica catenata 0 1 0 0 0 0 0 1 NT
Total number of species in each treatment 15 27 * * *
Total number of germinated species in both treatments 31
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Table 2.2. Germination percentages (mean ± SE) of non-scarified seeds of Potamogeton pusillus, P. 
pectinatus and P. perfoliatus tested under submerged and waterlogged conditions and of non-scarified 
and scarified seeds of P. natans tested under submerged and waterlogged conditions. Each mean is 
based on 4 replicates of 50 seeds. NS = not significant; NT = not tested.
Species Non-scarified Scarified
submerged waterlogged Sign. submerged waterlogged Sign.
Potamogeton pusillus 0 0 NT
Potamogeton perfoliatus .7)1(±
LO1 2 CO ± 2. NS
Potamogeton pectinatus UD0.(±1 2 (±  0.5) NT
Potamogeton natans 0)(±2 .7)1(±7 NT 9 ± CO 7) 8 O ± CO 9) NS
observations on Potamogeton perfoliatus and Potamogeton natans. However, in the ir 
experim ent Poschlod et al. (1999) did no t remove rhizomes, rhizoides, bulbils and other 
vegetative parts from the collected sam ples. Therefore, em ergence of seedlings versus 
vegetative parts could no t be distinguished.
The germ ination requirem ents of subm erged aquatic species under waterlogged or 
subm erged conditions are only partly known (e.g. Grime et al. 1989; Baskin & Baskin 
1998). G erm ination percentages of Hottonia palustris (Brock et al. 1989) and Hottonia 
inflata (Baskin et al. 1996) are higher on w aterlogged sub stra te  than on a subm erged 
one. O ur results dem onstrate that at least Potamogeton natans and Potamogeton perfoliatus 
are able to germ inate bo th  under subm erged and w aterlogged conditions. Seeds of 
Potamogeton pectinatus and Potamogeton pusillus (nearly) failed to germ inate, although 
they were stored  under the sam e conditions as M uenscher (1936b) did, w ho obtained 
germination percentages in w ater of 38 and 57%, respectively. Van Wijk (1989) similarly 
obtained no germ ination of Potamogeton pectinatus seeds after 5 m onths of storing. An 
examination of the seeds showed that m ost of the endosperm s of Potamogeton pectinatus 
w ere firm  and w hite. Scarification could therefo re  increase the germ ination  of this 
species as well (Baskin & Baskin 1998). As to Potamogeton pusillus, no conclusions can 
be drawn from our experiments, because all seeds of this species appeared to be soft and 
water-soaked.
W e conclude th a t in the  study  of seed banks of subm erged sed im ents, aim ed at 
submerged, floating and em ergent aquatic plants, a waterlogged treatm ent is feasible to 
detect viable seeds of these groups of plants. A preliminary study is recomm ended before 
any tim e-consuming and expensive seed bank study is started.
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Abstract
The diversity and abundance of viable diaspores trapped at the downstream end of a 15-km 
lowland stream were quantified and related to five potentially predicting variables: species' 
occurrence in the species pool, distance to the nearest stand and the life-history traits seed 
buoyancy, seed production and plant height. From 126 samples, 106,614 individuals of 
vascular plants developed, 95.8% from vegetative diaspores and 4.2% from seeds. Among 
these plants, 3 free-floating, 12 submerged, 22 emergent (aquatic) and 70 riparian (semi- 
aquatic and terrestrial) species were recorded, respectively, accounting for 24.3%, 71.9%, 
1.2% and 2.6% of the total num ber of viable diaspores trapped. O f the free-floating, 
submerged and emergent species, 100%, 98.9% and 23.7% of the diaspores were vegetative, 
respectively, whereas it was 2.9% for riparian species. Diaspores of 79% of the total number 
of aquatic species and 40% of riparian species observed in the established vegetation were 
trapped. Minimal dispersal distances ranged from 0-6 km. Multiple regression analysis 
conducted for submerged species, showed that 71% of the variation in the diaspore pool 
could be predicted by occurrence of species in the vegetation. For em ergent species, seed 
production and occurrence of species explained 54% of the variation, seed production being 
most important. Mean seed buoyancy of emergent species was higher than that of the other 
groups. For riparian species, seed production, occurrence and buoyancy explained 48% of 
the variation in the diaspore pool. Seed production per plant was the m ost im portant 
variable. Linear regression revealed a negative relationship between distance and abundance 
of the diaspore pool for submerged and riparian species.
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Introduction
Over the p ast decades, concern abou t the  loss of biodiversity has resu lted  in 
m anagem ent efforts aim ed a t hab ita t conservation and resto ra tion  (Perrow  & Davy 
2002). However, restoration attem pts have no t always been successful w ith respect to 
the (re-)estab lishm ent of target p lan t com m unities, even if the abiotic conditions 
required were m et (e.g. Lockwood & Pimm 1999), suggesting that a lack of propagules 
could be a m ajor constraint. Therefore, dispersal of diaspores into restored and newly 
created habitats lacking a viable propagule bank may be considered a key process for the 
establishm ent of species (Bakker et al. 1996). How many and which species ultimately 
will be able to get diaspores into such habitats depends on characteristics, availability 
and behaviour of the transporting vector(s), the composition, abundance and proximity 
of the local species pool (sensu Zobel et al. 1998) and species life-history traits (Nathan & 
M uller-Landau 2000; Bullock et al. 2002). This study focuses on w ater as transporting 
agent o f diaspores. W e exam ined the species pool of a stream  discharging in to  a 
navigation canal (see also Boedeltje et al. 2001) and determ ined  the diversity  and 
abundance of viable diaspores that were released from this stream  into the canal during 
one year.
Among life-history characteristics of aquatic plants in streams, three im portant traits 
may be linked w ith a species' ability to travel dow nstream  from its local species pool. 
The first trait is the potential duration of buoyancy and viability of diaspores relative to 
the actual tim e spen t in the w ater (e.g. Schneider & Sharitz 1988). W ith  respect to 
buoyancy, much work has been done to assess the floating tim e of seeds of individual 
species (Guppy 1906; Praeger 1913; Ridley 1930; D anvind & N ilsson 1997) and to 
highlight the poten tia l role of hydrochory and buoyancy of seeds in structuring  p lant 
communities of the riparian zone along boreal rivers and river lakeshores (Nilsson et al. 
1991; Johansson et al. 1996 Danvind & Nilsson 1997; Andersson et al. 2000; Nilsson et 
al. 2002). In the study by Johansson et al. (1996), for example, there was a weak positive 
relationship  betw een floating capacity and frequency of species in the riparian zone. 
A lthough it  is w ell-know n th a t vegetative parts of aquatic p lants can float and that 
vegetative propagation is significant w ithin this group of plants (Ridley 1930; Sculthorpe 
1967; Grace 1993), few quan tita tive  data are available dem onstrating  the role of 
vegetative diaspores for dispersal (Johansson & Nilsson 1993; Barrat-Segretain 1996). 
The second characteristic is the am ount of diaspores released from an individual plant 
(Bullock 2000; Nathan & Muller-Landau 2000; Thompson et al. 2002). Thompson et al. 
(2002) hypothesize th a t producing m ore seeds (ignoring dispersal differences) m ust 
translate directly into reaching more unoccupied gaps. Evidence for this hypothesis was 
found in grasslands w here colonization of gaps m ostly  occurred by species w ith  the 
h ighest seed production (Peart 1989). Com parable data for the aquatic environm ent, 
however, are lacking (Bill et al. 1999). The third feature is the height of p lan t species 
(W illson & Traveset 2000), especially in the riparian zone. For sem i-aquatic and 
terrestrial species in the riparian zone the u ltim ate p lan t height m ight determ ine the
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probability to p u t diaspores into the stream . For example, it  m ight be m uch easier to 
release diaspores in to  the stream  for the tall Arrhenatherum  elatius than  for the  low 
statured Poa annua if it is found at the same distance from the water body.
The aim of this study is to assess the diversity and abundance of diaspores dispersed 
in a low land stream  and to com pare them  w ith: (i) the occurrence of species in the 
aquatic and riparian vegetation; (ii) the distance to the nearest stand; and (iii) three life- 
h istory  tra its th a t affect the ability to disperse from  the species pool in to  the 
downstream  end of the watercourse. W e hypothesize tha t frequency and abundance of 
species in the established vegetation, buoyancy of diaspores and seed production are 
positively related  to the  num ber of diaspores trapped and th a t there  is a negative 
relationship betw een the num ber of diaspores trapped and the distance to the nearest 
stand. W ith regard to riparian species we expect a positive relationship between plant 
height and the num ber of diaspores trapped.
Materials and methods 
Terminology
This study focuses on dispersal of diaspores, the plant units actually dispersing (Van der 
Pijl 1982). These include vegetative parts and generative organs from which a new plant 
may grow. W ith regard to generative organs, the term  'seed' is used, although it includes 
units such as fruits and seedlings as well. T hroughout the paper the term  'species' is 
used although 'taxon ' w ould have been m ore appropriate w ith respect to the  species 
groupings Betula and Callitriche.
Study area
The study was conducted in the Koningsbeek (52°10' N, 6°20' E), a channelized lowland 
stream  th a t discharges in to  the Tw entekanaal, an im portan t w aterw ay for both 
navigation and drainage in the eastern  p art of the N etherlands (Fig. 3.1). The 
Koningsbeek originates from a system of small ditches in agricultural land, which after c. 
3.5 km flow together into the main stream . The m ain stream  is c. 15 km long and its 
w ater level falls 8 m from the upstream  area to the dow nstream  end. Its w idth ranges 
from 1 m in the upper course up to c. 6 m downstream. Steep banks, comprising 2.5 m 
wide strips, border the stream  and prevent flooding of the adjacent fields. An artificial 2 
m wide tribu tary  m erges w ith  the m ain stream  a t a distance of c. 3 km from  the 
downstream  end (Fig. 3.1). Sixteen adjustable flood-control dams (Fig 3.1) are used to 
minimize water-level variation. The maximum depth of the water body ranges from 0 to 
10 cm in the upstream  to 120 cm in the m iddle and lower reaches. The bottom  of the 
stream  is composed of sand, which is covered by fine sedim ent layers in slowly flowing 
sections. Data from a continuous water level recorder located near the trapping point at 
the end of the stream  (Fig. 3.1) provided w ater discharge inform ation. In the research 
period discharge ranged betw een 0.1 and 2.5 m 3 s-1 (Fig. 3.2). To ensure unim peded
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Figure 3.1 Location of the research area in the eastern part of the Netherlands (inset).
w ater discharge, cu tting  of the  vegetation in the m ain stream  occurs yearly betw een 
October and December. However, the vegetation in the tributary and ditches is cut twice 
a year, in late spring and late autum n. In addition, banks of the stream  and ditches are 
m own betw een O ctober and December, ju st before the aquatic vegetation is cut. The 
cuttings are left along the water bodies on 2 m wide paths bordering the bank tops a t the 
stream  side and agricultural fields at the other side.
Sampling o f  the vegetation
From the trapping point a t the downstream  end to the upstream  including the tributary, 
the stream  length was divided into sections of 100 m, each comprising an aquatic and 
bank plot, covering the entire length of a section. An aquatic p lo t included the entire 
stream  w idth; a bank p lo t covered a 1 m w ide zone of the bank m easured from  the 
w ater’s edge at both sides of the stream , assum ing tha t diaspores of species from this 
area could potentially reach the water. In addition, riparian species outside this 1 m strip 
w ere included if the ir he igh t was such th a t seeds w ere likely to be able to reach the 
water. Between June and Septem ber 2001, the presence of vascular p lan t species and 
charophytes was investigated  by GB. Species w ere recorded w ith in  the p lots w hilst 
wading through the water along each side of the stream  w ithin each 100-m section. The
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Figure 3.2 Mean daily discharge at the downstream end of the Koningsbeek, total daily precipitation 
and sampling dates in 2001. Data provided by the Water Board Rijn and IJssel (water discharge) and 
the Weather Station Dick Dales (precipitation).
abundance was established using a scale of four classes: 1 = 1, 2 = 2-10, 3 = 10-100, 4 
= > 100 individual(s) or tiller(s) in a p lo t. A to tal of 146 100-m sections have been 
investigated within the main stream  and 41 w ithin the tributary.
Trapping o f  diaspores
A net (mesh size 200 ^m , length 2 m) in a steel frame (100 cm w idth x 50 cm height) 
was used to quantify the transport of diaspores (Fig. 3.3). It was placed in the 2 -  20 cm 
narrow w ater layer dropping over the face of the m ost downstream , 2.5 m wide, flood- 
control dam  (Fig. 3.1) and attached to the rail of a small bridge in front of the dam by 
means of steel cables (Fig. 3.3). Because of the narrowing of the stream from 6 to 2.5 m 
at the trapping p o in t and the presence of the adjustable flood-control dam, cu rren t 
velocity at the top of the dam was high. By placing the net in the water layer at the top of 
the dam, it was possible to sample the entire water column. Therefore, not only floating 
diaspores were trapped, but also diaspores that were potentially transported in the water 
colum n and along the bottom  layers. In total, 126 sam ples w ere collected on 31 days 
during the period January 2001 to January 2002 (Fig. 3.2). Four or five sam ples were 
collected in succession on a sampling day, taking, on average, 18.2 (±  0.8 SE) minutes 
each. The length of a sampling period was determ ined by the am ount of drifting material 
and suspended m atter in the water, which ultimately blocked the meshes of the net. The 
mean am ount of w ater passing through the net during a sampling period was 141.7 (± 
6.4 SE) m 3. The samples taken on the same day were considered to be replicates.
Processing o f  the samples
Each sample was washed out in a bucket and subsequently hand sorted. Dead material 
was removed and vegetative parts > c. 0.5 cm were separated from the seeds and smaller
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Figure 3.3 Survey of the flood-control dam and net in the downstream end of the Koningsbeek. The 
width of the stream and the dam are 6 and 2.5 m, respectively. The 1-m wide net is placed in the 
narrow waterfall dropping over the face of the flood-control dam and is attached to the rail of the 
bridge with steel cables. Design of the net from Trottmann & Poschlod (unpublished).
vegetative portions and subsequently tested for viability. The viability of (parts of) the 
fragm ents of subm erged aquatic species was tested according to Barrat-Segretain et al. 
(1999), if no regeneration records from the literature (Sculthorpe, 1967; Barrat-Segretain, 
1996; Barrat-Segretain et al., 1998, 1999) were available. Individuals that formed (new) 
roots and leaves were considered viable. Turions of Potamogeton spp. w ere separately 
determ ined  under a stereo  m icroscope according to the keys of P reston  (1 9 9 5 ) and 
considered viable if their leaves were green; no further experim ents were conducted to 
test regrowth of these turions. Fragments of emergent aquatics were planted in pots that 
were treated as the waterlogged stage for germination tests (see below).
The remaining seeds and small vegetative fragments of each sample were spread out 
in a th in  layer (<  5 mm) in one or m ore trays filled w ith  a m ixture of equal parts of 
sterilized sand and potting soil and set to germ inate in a glasshouse under subm erged 
conditions (water level 2 cm above soil surface) for 2 weeks and next under waterlogged 
conditions (water level 2 cm below soil surface) for 10 weeks. A ir tem perature in the 
glasshouse was 25 °C or more between 06.00 and 21.00 hours (photoperiod) and 15 °C 
betw een 21.00 and 06.00 hours. Photon flux density  (PAR, 400-700 nm) was 400 
um ol/m 2 s-1 provided by growth lamps. The flooded treatm ent enables the germination 
of seeds of subm erged and som e em ergent species (e.g. Van der Valk 1981). The 
w aterlogged regim e appears su itab le  for the germ ination  of bo th  subm erged and
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em ergent aquatic species as well as for species of w et (but no t subm erged) and m oist 
hab ita ts (Boedeltje et al. 2002) th a t form  the m ain com ponent of the established 
vegetation along the stream . A lthough it is know n th a t seeds of m any species can 
survive long periods of flooding, a short flooding period was applied to prevent potential 
loss of viability of those few species of which detrim ental effects of flooding on seed 
viability have been reported (Baskin & Baskin 1998).
After this germ ination period, the trays were placed waterlogged (water level 5 cm 
below soil surface) in a dark room at 5 °C during 10 weeks to prom ote loss of dormancy 
(Baskin & Baskin, 1998). A fter this cold treatm ent, trays were set to germ inate again 
using 2 weeks subm erged and 6 weeks waterlogged conditions, as above. Finally, trays 
w ere se t to dry for 4 weeks. D uring the germ ination  periods and drying phase, the 
em erged seedlings w ere counted  and rem oved as soon as they could be identified. 
Individuals, w hich could be identified  only after several weeks or m onths, were 
transp lan ted  in po ts and se t w aterlogged or m oist to grow until identification. 
Nomenclature follows Van der Meijden (1996).
Accuracy o f  the germination tests
W hen dry, the sample layer was separated from the underlying sandy layer and checked 
under a binocular for viable seeds. A seed was considered to be viable w hen a cross­
section showed that the endosperm was white and firm. Because of the time-consuming 
procedure, 24 samples were tested, 12 from the presen t study and 12 from a study on 
p lan t dispersal in the Tw entekanaal (C hapter 4). These tests revealed viable seeds of 
Lycopus europaeus (11), Ranunculus sceleratus (1) and Calystegia sepium (1). However, 92 
species had already emerged from the samples, including L. europaeus (948 seedlings), R. 
sceleratus (118) and C. sepium (1). Therefore, the germination results may be considered 
as an accurate representation of the seeds present in the samples.
Buoyancy o f  seeds
D ata on buoyancy of 53 species w ere derived from  experim ents w ith m atu re  seeds 
collected in the research area in the sum m er of 2001. The experiments with grasses were 
conducted w ith  grains enclosed by the bracts; those w ith  Rum ex spp. refer to nu ts 
attached  to sepals. Experim ents w ith M yriophyllum  spicatum, Potamogeton berchtoldii, 
Sagittaria sagittifolia and Sparganium emersum, w hose inflorescences float on the w ater 
surface, started immediately after seed collection; experiments w ith the other 49 species 
(i.e. those w ith  dry fruits) w ere conducted betw een January and May (2002), after 
sto ring  the seeds dry and dark a t 4 °C. O f each species, 50 seeds w ere p u t in to  a 
polyethylene beaker filled with tap water (four replicates) and gently stirred for 5 s, after 
which the num ber of floating seeds was counted. The num ber of floating seeds was 
counted every 4 m in during the first hour, every hour for the next 7 h, after 24 h and 
thereafter daily for another 111 days. The beakers were placed in an unheated room in 
natural day light (w ithout direct sunlight). Before each count, a beaker was stirred for 5 
s to reduce the influence of surface tension (Danvind & N ilsson 1997). Periods after
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w hich 50/90%  of the seeds had sunk  (=  ts 0/ tg 0) w ere determ ined. If m ore than 
50% /10% of the seeds were still floating at the end of the experiment, a ts0/ tg 0 of 112 
days was given to the species involved. G erm ination tests conducted after the 
experim ents had finished resu lted  in germ ination percentages betw een 20 and 100. 
Mean floating time is given for species involved in Appendix 3.1.
Floating capacity of other species was included in the data set where t50 or t90 could be 
determ ined from the literature. To include literature  assessm ents recording only 
maximum buoyancy (tmax), the relation was established between t50 and t90 (n = 41). This 
relation is represented by the equation t50 = 0.643 x t90 (R2 = 0.94; f 1,40 = 629.10; P < 
0.001). Although tmax slightly differs from t90 (Bill et al. 1999), we used this equation to 
derive t50 from tmax. We assume that the error in the calculation is small relative to the 
error in the determination of tmax, which is occasionally given as '1-3 m onths’ (e.g. Guppy 
1906). If the calculated t50 was >112 days, a value of 112 days was given. As t50 and t90 
were strongly correlated, only t 50 was incorporated in the regression analyses.
Seed production and plant height
Because p roduction  data  of vegetative diaspores w ere unavailable for the species 
involved, only seed production has been used as a predictor of the num ber of diaspores 
trapped, if  applicable. D ata w ere derived from lite ra tu re  and from  unpublished work 
(notably of R.M. Bekker & M. Kwak). Seed production is expressed as the num ber of 
seeds per individual plant. In case of clonal plants, a surface area of 0.5 x 0.5 m 2 was 
considered to be an individual p lan t. If da ta  w ere given as the num ber of seeds per 
inflorescence or shoot, they were converted to the num ber per plant. In tha t case, the 
mean num ber of inflorescences or shoots per individual (e.g. Grime et al. 1989) was used 
as a multiplier (see Appendix 3.1). If for a species a m inimum and maximum value were 
given, the  specific field s itua tion  was taken in to  account to establish  the seed 
production. Data on m inim um  plant height are based on the Dutch Botanical Database 
(Centraal Bureau voor de Statistiek 1991).
Set o f  species used fo r  analyses
Applying a net with mesh width of 200 um does not provide reliable information on the 
dispersal of species with (oo)spores or seeds < 200 um. Consequently, Equisetum arvense, 
E. fluviatile, E. palustre and Nitella mucronata were excluded from the data set used for the 
analyses. The nearest stand of all trapped species was found in the vegetation within c. 6 
km from the trapping point. Therefore, the local species pool was considered to consist of 
this stretch of the Koningsbeek and species frequency and mean abundance used in the 
regression analyses refer to this section. The subm erged part of the species pool 
contained 16 taxa, w hich were all included in the data set (Appendix 3.1). Callitriche 
platycarpa and C. obtusangula were pooled into a species group (Callitriche spp.) because 
pollen and fruits which are needed for confident identification (Van der Meijden 1996) 
were observed infrequently. The emergent aquatic vegetation of this stretch comprised 26 
species, of which 18 were included in the data set because data on buoyancy and seed
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production w ere available (Appendix 3.1). The riparian  vegetation, including semi- 
aquatic and terrestria l species, com prised 135 species of w hich Arabidopsis thaliana, 
Cardamine hirsuta, Myosotis arvensis, Ranunculus ficaria subsp. bulbilifer, Veronica arvensis 
and Vicia hirsuta were excluded from the data set because their above-ground parts were 
present only during a part of the vegetation inventory period. Data on buoyancy and seed 
production were available for 80 of the remaining 129 species and these were included in 
the data set used for regression analyses (Appendix 3.1).
Statistical analyses
Differences in seed buoyancy betw een groups of species w ere analysed by one-way 
ANOVA, followed by Tukey’s range test. Log10-transformed data were used to m eet the 
normality assumption. Prior to forward stepwise multiple regression analyses planned to 
determ ine which variables were significant predictors of diversity and abundance of the 
diaspores trapped, frequency of occurrence was arcsin-transform ed and the num ber of 
trapped diaspores, life-history data and distance to the n earest s tand  w ere log 10- 
transform ed because the residuals did no t follow a norm al d istribu tion  (Q uinn & 
Keough 2002). A m atrix  of correlation coefficients betw een the p red ictor variables 
(Table 3.1) was then examined to detect potential collinearity. Arcsin(frequency) x mean 
abundance, which was used as a m easure of a species’ com m onness in the vegetation, 
was significantly correlated  w ith  d istance (Table 3.1). In addition , p lan t he igh t was 
significantly correlated w ith all o ther variables w ith in  the riparian group (Table 3.1). 
Therefore, distance and plant height were excluded from m ultiple regression analyses 
because collinearity can have detrim ental effects on the estim ated regression parameters 
(Q uinn & Keough 2002). N ext, th ree stepw ise m ultip le regression analyses were 
perform ed: (i) w ith subm erged aquatic species; (ii) w ith em ergent aquatics; and (iii) 
with riparian species. In addition, linear regression analysis for each group of species was 
performed to determ ine potential effect of distance to the nearest stand and plant height 
on the com position and abundance of the num ber of diaspores trapped. Statistical 
analyses were conducted using SPSS 11.0.
Table 3.1. Correlation matrix for the predictor variables of the submerged (s), emergent (e) and 
riparian (r) group and the response variables. Significant (P < 0.05) Pearson’s correlation coefficients 
are indicated in bold.
X1 X2 X3 X4 X5
Variable s e r s e r s e r s e r r
Log10 distance X1 1.00 1.00 1.00
Species occurence X2 -0 .6 3
i-H-0. 0. 6 O 1.00 1.00 1.00
Log10 buoyancy (t5 0 ) X3 0.36 -0.03 -0.24 -0 .29 0.11 0.20 1.00 1.00 1.00
Log1 0 seed production X4 0.18 -0 .19 0.02 -0.24 0.18 -0.04 0.12 0.13 0.27 1.00 1.00 1.00
Log10 plant height X5 -0.35 0.31 0.37 0.36 1.00
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Results
Species in the established vegetation
The aquatic vegetation com prised 47 vascular p lan t species. The free-floating Lemna 
minor, Lemna trisulca and Spirodela polyrhiza  occurred frequently, bu t no floating mats 
w ere observed. In the subm erged layer of the dow nstream  and m iddle course, Elodea 
nutta llii, Callitriche spp., Potamogeton berchtoldii and Ceratophyllum demersum  were 
dom inant; Glyceria m axim a  and Phalaris arundinacea dom inated  the em ergent layer 
(Appendix 3.1). Additionally, Nuphar lutea (Fig. 3.4) and Elodea canadensis were found 
abundantly in the downstream  and middle part of the stream, respectively. In the aquatic 
vegetation of the ditches in the upper course C. demersum was lacking and P. berchtoldii, 
E. nuttallii, E. canadensis and P. arundinacea occurred less frequently than downstream .
Figure 3.4 Survey of the middle course of the Koningsbeek with Nuphar lutea as the dominant 
floating-leaved aquatic species.
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On the o ther hand, Glyceria fluitans  and Persicaria hydropiper were found abundantly in 
these ditches which may frequently run dry in sum m er. The aquatic vegetation of the 
tribu tary  largely resem bled th a t o f the m iddle course of the  m ain stream . However, 
Potamogeton crispus, P. natans, M yriophyllum spicatum  and G. flu itans were restricted to 
this channel, w hen com pared w ith the m iddle course. In the riparian vegetation, 174 
sem i-aquatic and terrestria l species w ere recorded of w hich Aegopodium podagraria, 
Anthriscus sylvestris, Arrhenatherum elatius, Calystegia sepium, Dactylis glomerata, Holcus 
mollis, Poa trivialis, Rumex obtusifolius and Urtica dioica dom inated at all locations. In 
addition, Cardamine pratensis, Cirsium arvense, Filipendula ulmaria, Glechoma hederacea, 
Heracleum sphondylium and Lycopus europaeus occurred frequently (Appendix 3.1).
Diaspores trapped
From 126 sam ples, 106,614 individuals of vascular p lan ts developed, 95.8% from 
vegetative diaspores and 4.2% from seeds. Among these plants, three free-floating, 12 
subm erged, 22 em ergent and 70 sem i-aquatic and terrestria l species w ere recorded. 
Free-floating aquatics accounted for 24.3%  of the to tal num ber of viable diaspores 
trapped, subm erged aquatic species for 71.9%, em ergent aquatic species for 1.2% and 
sem i-aquatic and terrestrial species for 2.6%. D iaspores of L. minor, L. trisulca and S.
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Figure 3.5 Percentages of species that developed from generative diaspores, from vegetative 
diaspores or from both and percentages of generative and vegetative diaspores trapped, for each of 
four species groups.
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polyrhiza  w ere exclusively vegetative. O f the subm erged and em ergent species, 
respectively, 98.9% and 23.7% of the diaspores were vegetative, whereas this percentage 
was only 2.9 for the semi-aquatic and terrestrial species group (Fig. 3.5). No submerged 
species developed exclusively from seeds, whereas 42.9 and 87.1% of the emergent and 
sem i-aquatic and terrestria l species had a generative origin (Fig. 3.5). Ten species 
accounted for 97.6% of the to tal num ber of viable diaspores trapped. These w ere E. 
nutta llii (57.0% ), L. minor (20.7% ), Callitriche spp. (12.7% ), L. trisulca  (2.4%), 
Potamogeton berchtoldii (1.7% ), S. polyrhiza  (1.1% ), Urtica dioica (0.6% ), Ranunculus 
sceleratus (0.6%), Poa trivialis (0.5%) and Glyceria maxima (0.3%).
Four ou t of 107 species trapped were no t found in the established vegetation, one 
subm erged species (Zannichellia palustris) and th ree terrestria l species (Chamerion 
angustifolium , Conyza canadensis and Senecio jacobaea). Several species frequently  
occurring in the vegetation w ere no t found in the  net sam ples such as E. canadensis, 
Nuphar lutea, Persicaria amphibia, Aegopodium podagraria and Anthriscus sylvestris. In 
addition, there  w ere rem arkable differences betw een species w ith  corresponding 
frequency of occurrence and abundance in the vegetation with regard to the num ber of 
diaspores found. For example, A . podagraria, A . sylvestris, P. trivialis and U. dioica were 
equally abundant in the riparian zones, but diaspores of only the latter two species were 
trapped (Appendix 3.1).
Local species pool and dispersal distance
The first 100-m section of the established vegetation contained only 25% of the stream 
(aquatic) species and 10% of the riparian (semi-aquatic and terrestrial) species that were 
observed in the en tire  stream  area (Fig. 3.6). W hen com pared w ith  the num ber of 
stream  species and riparian species p resen t in th a t 100-m section, 100% and 74%, 
respectively, of the species were trapped (Fig. 3.6). Between 0 and c. 6 km, at least one 
stand of all species trapped was found in the stream  and riparian vegetation as well. The 
local species pool therefore was considered to consist of those occurring in this stretch of 
the Koningsbeek. M aximum num ber of species was reached after c. 6 and 13 km from 
the trapping p o in t for the stream  and riparian vegetation, respectively (Fig. 3.6). 
Diaspores of 79% (37 out of 47) of the stream  species and 40% (70 out of 174) of the 
riparian species observed in the vegetation of the entire stream  were trapped (Fig. 3.6). 
M inimal dispersal distances ranged from 0 to 100 m for, e.g. Callitriche spp., Glyceria 
maxima and Cardamine pratensis, 800 to 900 m for Holcus lanatus and Scirpus sylvaticus, up 
to 5400 m for Ranunculus aquatilis (Appendix 3.1).
Relationships between diaspores trapped and predictor variables
Submerged species
Stepw ise m ultip le regression analysis for subm erged species revealed th a t for the 
num ber of diaspores trapped, 71% of variation in the data  se t could be explained by 
species’ frequency and abundance in the species pool (Table 3.2). The level of 
explanation was 28% when only seeds were taken into account. Buoyancy of seeds and
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distance from trap (km)
Figure 3.6 (I) Cumulative percentages of the species trapped and found per 100-m section of the 
total number of species observed in the established vegetation (filled symbols). (II) Percentages of 
the cumulative number of species trapped and found of the cumulative number of species observed 
per 100-m section (open symbols).
seed production plant-1 were not entered into the models (P > 0.05). A linear regression 
revealed a negative relationship between abundance of diaspores trapped and distance to 
the nearest stand (equation: log10 num ber of diaspores trapped = 1.069 - 0.362 x log10 
distance, F 1,78 = 11.78, P = 0.001, R2adj. = 0.12).
Emergent species
The analysis for em ergent species yielded tha t both species’ occurrence in the species 
pool and seed production  p lan t-1 had a significant effect on the num ber of diaspores 
trapped, bu t th a t buoyancy was no t im portan t (Table 3.2). Together, these variables 
accounted for 54% of the variation in diaspore richness. According to standard partial 
regression coefficients, seed production  explained m ost of this variation. In a sim ilar 
analysis, including the sam e independent variables, on the num ber of seeds trapped, 
only seed production had a significant effect and explained 41% of the variation in the 
num bers trapped. Although buoyancy was not included in the model, mean buoyancy of 
this em ergent species group, however, was significantly h igher than th a t of the 
subm erged and sem i-aquatic and terrestria l species group (Fig. 3.7). No significant 
(F1,16 = 2.50; P = 0.13) negative re lationsh ip  betw een the abundance of the 
diaspores/seeds trapped and the distance to the nearest stand could be dem onstrated in 
linear regression analysis.
Semi-aquatic and terrestrial species
Multiple regression analyses for this group revealed significant relationships between the 
num ber of d iaspores/seeds trapped and occurrence of species in the established 
vegetation, seed production  and buoyancy (Table 3.2). Together, these variables
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Table 3.2. Stepwise multiple regression analyses of the effect of occurrence, buoyancy (t5o) and seed 
production plant-1 of the involved species in three vegetation groups on the number of viable 
diaspores or seeds trapped. ß = standard partial regression coefficient; NS = not significant (P > 
0.05).
Intercept
Arcsin 
frequency x 
abundance Log10 buoyancy
Log10 seed 
production
Model
statistics
Dependent variable ß P ß P ß P ß P F d.f. R2adj. P
SUBMERGED VEGETATION
Logi0  number of 0 .464 0.106 
diaspores trapped
0.853 0 .000 NS NS 37.422 1 0.71 0.000
Logi0  number of -0 .040 0.850 
seeds trapped
0.573 0 .020 NS NS 6.845 1 0.28 0.020
EMERGENT VEGETATION
Logi0  number of -0 .582 0.217 
diaspores trapped
0.389 0 .035 NS 0.598 0.003 10.833 2 0.54 0.001
Logi0  number of -0 .496 0.317 
seeds trapped
NS NS 0.665 0.003 12.680 1 0.41 0.003
BANK VEGETATION
Log1 0  number of -1 .039 0 .000 
diaspores trapped
0.304 0 .000 0 .235 0 .000 0.517 0.000 25 .230 3 0.48 0.000
Log1 0  number of -1 .093 0 .000 
seeds trapped
0.283 0.001 0.251 0.003 0 .548 0.000 29.452 3 0.52 0.000
accounted for 48% and 52%, respectively, of the  variation  in the num ber of 
diaspores/seeds trapped. Seed production plant-1 explained m ost of the variation (Table
3.2). A negative re la tionsh ip  betw een abundance of d iaspores/seeds trapped and 
distance to the nearest s tand  was dem onstrated  for this group in a linear regression 
(equation: logio num ber of seeds trapped = 0.986 - 0.332 x logio distance, F1,78 = 9.65, 
P = 0.003, R2adj. = 0.10). No significant re la tionsh ip  betw een p lan t he igh t and 
diaspores trapped  (F i ,78 = 2.64, P = 0 .11), n e ither betw een p lan t he ight and seeds 
trapped (F1,78 = 3.46, P = 0.07), could be established.
Discussion
D iversity and abundance o f  species in the diaspore samples
The total num ber of 107 species detected in the diaspore samples of the Koningsbeek, 
appears high compared w ith other studies on hydrochory. Skoglund (1989), for example, 
recorded 23 species in 14 drift samples from a lower river in Sweden, Cellot et al. (1998) 
found 23 species in nine drift samples from a backwater of the river Rhône (France), Bill 
et al. (1999) detected six species in 30 drift samples collected w ith nets and 14 species in
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48 samples collected w ith sedim ent baskets from an alpine floodplain (Germany) and 
A ndersson & N ilsson (2002) recorded 54 species in 216 sam ples from  a boreal river 
(Sweden). In con trast to the stud ies of Cellot et al. (1998), Bill et al. (1999) and 
Andersson & Nilsson (2002), in which a net w ith a 400-650 ^m -m esh has been applied, 
we were able to use a ne t w ith a 200-u.m-mesh, which may explain a t least part of the 
differences in the num bers of species found, especially w ith regard to small-seeded ones, 
such as Callitriche spp. and Juncus spp. Moreover, vegetative diaspores were not included 
in the samples of Skoglund (1989) and Bill et al. (1999). The treatm ent of the samples 
and the germination conditions adopted in the present study may also contribute to the 
development of so many species and individuals.
W ith regard to the four species trapped bu t no t found in the vegetation it is noted 
that Zannichellia palustris m ight have been overlooked during the inventory. Although Z. 
palustris is perennial, an annual life cycle has been observed in several localities (Preston 
& C roft 1997). Chamerion angustifolium , Conyza canadensis and Senecio jacobaea  were 
found at short distances from the stream  and it is likely that these stands functioned as a 
source from which the plumed seeds dispersed into the water body.
Our results confirm the existence of polychory, i.e. the dispersal of species’ diaspores 
by m ultiple agents, which has been noted in previous studies (Bakker et al. 1996; Barrat- 
Segretain 1996; Bill et al. 1999; Nathan & Muller-Landau 2000). For example, diaspores 
of Phragmites australis, Typha latifolia, Epilobium hirsutum  and Taraxacum officinale, which 
have been classified as anemochorous (Van der Pijl 1982), were w ater-dispersed in our 
study. The same holds for Callitriche spp. and Nuphar lutea of which an endozoochorous 
dispersal is also know n (Barrat-Segretain 1996). An advantage of w ater dispersal for 
terrestrial species w ith lim ited dispersal properties on land m ight be the possibility to 
realize a fast extension of their range, at least if safe sites can be reached. For example, 
the m inim al dispersal distance for Holcus lanatus in the Koningsbeek was 800-900 m, 
whereas in grasslands few seeds are dispersed beyond 4 m (Peart 1989).
Relationship between the diaspores trapped and the predictor variables
Frequency and abundance o f  species in the established vegetation
The hypothesis that species’ occurrence in the vegetation would be positively related to 
the num ber of diaspores trapped  was strongly supported  by the subm erged aquatic 
species and to a lesser extent by the em ergent and riparian species. It is likely tha t the 
strong  positive re lationsh ip  betw een the occurrence of species in the subm erged 
vegetation and the trapped diaspores is connected w ith the prevailing vegetative 
propagation w ithin this species group (Sculthorpe 1967; Grace 1993; Barrat-Segretain 
1996). Unspecialized fragments and specialized diaspores such as turions can be easily 
detached as a result of the activities of water fowl and fish, wave action and cutting the 
vegetation (Preston 1995). Together w ith the well-known buoyancy of many vegetative 
parts (Barrat-Segretain 1996) this may explain the close relationship between species in 
the species pool and the realized dispersal.
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Figure 3.7 Mean buoyancy (t50: time after which 50% of the seeds had sunk) with SE for submerged 
aquatic species (n = 12), emergent aquatic species (n = 18) and for riparian (semi-aquatic and 
terrestrial) species (n = 80) that occurred in the vegetation of the Koningsbeek. Different letters 
indicate significant differences (P < 0.05) in mean buoyancy (ANOVA followed by a Tukey’s range 
test).
Seed production
W ith respect to the subm erged species, the hypothesis tha t seed production is a good 
predictor of the com position and abundance of the diaspores tha t are being dispersed 
m ust be rejected. In general, seed production in submerged aquatic species is poor, and 
this may be connected w ith the predom inance of vegetative propagation w ith in  this 
group (Sculthorpe 1967; Grace 1993). W ithin the group of emergent aquatic species and 
riparian species, however, seed production  is the m ost im portan t determ inan t of the 
capacity of a species to reach the d iaspore trap s itua ted  dow nstream . This fact is 
illustrated by comparing the num ber of trapped seeds of the relatively high-productive 
Juncus effusus w ith  tha t of the relatively low productive Anthriscus sylvestris. W hereas 
both species have non-buoyant seeds and, in addition, J. effusus occurred less frequently 
in the vegetation, only seeds of J. effusus were trapped. However, it should be noted that 
the low seed weight of J. effusus (0.01 mg), compared with that of A. sylvestris (5.18 mg) 
(Grime et al. 1989) m ight play a positive role in hydrochory as well. O ur results 
correspond to those of Peart (1989), w ho observed th a t the relative abundances of 
species in seed traps in open grassland patches was determ ined m ainly by their seed 
production and to a lesser extent by their cover. In addition, they support the general 
hypothesis of Thom pson et al. (2002) tha t 'producing m ore seeds (ignoring dispersal 
differences) m ust translate directly into reaching more unoccupied gaps’.
Buoyancy o f  seeds
The hypothesis that the buoyancy of seeds is positively related to the num ber of seeds 
trapped  m ust be rejected for the  subm erged aquatics w hich have, in general, non- 
buoyant or short-floating seeds (Fig. 3.7; Sculthorpe 1967; Johansson & Nilsson 1993). 
Despite these characters, however, a relative large num ber of Callitriche plants emerged 
from seeds in our study, but this may be attributed to the fact that we sampled the entire
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water column. Therefore, relatively small seeds moving in the water column or along the 
sedim ent layers by water currents were trapped as well (cf. Bill et al. 1999). In addition, 
floating or semi-floating m ats consisting of p lant fragments, algae and duckweeds may 
likewise have served as a transporting vector for such seeds.
A lthough buoyancy was no t a d iscrim inating  factor w ith in  the em ergent species 
group, the m ean floating tim e of c. 55 days for the em ergent aquatics appeared high. 
Therefore, it is likely that buoyancy may nevertheless be considered an im portant trait 
for effective dispersal for emergent aquatics. This was also dem onstrated by Nilsson et al. 
(2002), who found that on river lake-shores the proportion of long-floating (emergent 
aquatic) species was higher than that of short-floating species. The positive relationship 
between buoyancy and the num ber of trapped diaspores that was found for the riparian 
species in our study is in concordance with these results as well.
The lim ited buoyancy of subm erged species compared with tha t of many em ergent 
species m ight be of adaptive significance, because it  is w ell-know n th a t seeds of 
submerged species are able to germinate and grow under water whereas many emergent 
species lack this capacity and germ inate and grow on waterlogged soils only (e.g. Van 
der Valk 1981). For submerged species therefore a high floating capacity m ight enhance 
the chance of being deposited on banks that are not suitable for germination and growth.
Distance to the nearest stand
The hypothesized negative re lationsh ip  betw een the diversity and abundance of 
diaspores trapped and the distance to the nearest stand in the vegetation was supported 
by the results of linear regression analyses for submerged and riparian species. However, 
only 10-12% of the variation in the d iaspore/seed  pool was explained by this factor, 
whereas for em ergent aquatics this relationship could no t be dem onstrated. Dispersal 
distances correspond to those m easured previously for Ranunculus lingua (Johansson & 
Nilsson 1993) and of Nyssa aquatica and Taxodium distichum (Schneider & Sharitz 1988). 
Experimentally released rhizomes of R. lingua were retrieved within 1.5 km downstream 
from  the release p o in t in a boreal river and an estim ated  distance of 1800 m was 
necessary to trap 90% of the  seeds from  a tree of N. aquatica and T. distichum  in a 
forested floodplain in South Carolina.
Unexplained variation in the data set
Physical properties of the stream , such as stream  channel morphology and hydrologic 
regime, were not included in this study. Because these factors have also been shown to 
be im portan t processes governing hydrochory (M erritt & W ohl 2002) it is likely that 
they may explain the remaining part of the variation in the diaspore pool.
The im portant role o f  vegetative dispersal in (disturbed) aquatic habitats 
The Koningsbeek is subm itted to disturbances (sensu Grime 2001) as a result of cutting 
of the vegetation and fluctuating discharge. In contrast to terrestrial habitats where, in 
general, d isturbances favour regeneration through abundan t seed production (Grime
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2001), it is hypothesized (Combroux et al. 2001) that regeneration in disturbed aquatic 
habitats mainly involves the production of vegetative propagules or diaspores, defined as 
a 'resistance type regenerative strategy’. Combroux et al. (2001, 2002) studying the role 
of propagule banks in plant regeneration in flood-disturbed cut-off channels of the river 
Rhône, dem onstrated that vegetative propagules indeed were more im portant than seeds 
in the recovery of aquatic vegetation, as shown here for diaspores dispersed as well. The 
dominance of vegetative diaspores in the Koningsbeek contrasts w ith observations in the 
Krycklan River, Sweden, w here seeds predom inated  in litte r sam ples (A ndersson & 
N ilsson 2002). This difference may be partly explained by the scarcity of free-floating 
aquatic vegetation in boreal rivers.
For terrestrial clonal p lants, seeds are considered to be effective for long-distance 
dispersal, and vegetative diaspores for local dispersal (e.g. Eriksson 1992). Given their 
limited floating capacity, seeds of many submerged aquatics cannot play a significant role 
in long-distance dispersal if water is the only dispersal vector, although animal-mediated 
seed tran sp o rt m ight be effective (Figuerola & Green 2002). Vegetative diaspores, 
however, contribute significantly to long-distance dispersal in the aquatic environment, 
as was quantitatively dem onstrated for Ranunculus lingua (Johansson & Nilsson 1993) 
and for several other species in the present study. In addition, this is strongly facilitated 
by the fact that viable vegetative diaspores of several plants (e.g. Callitriche spp.; Elodea 
nuttallii) are dispersed throughout the year (Chapter 4). As vegetative diaspores have a 
high regeneration potential, the 'gap atta inm ent ability’ (Bullock et al. 2002) of these 
species is extremely high.
Generality of the results
The results presented here are based on an investigation in a single aquatic system that 
is, in addition, highly modified by hum an activities. The latter, however, may make this 
system representative of the majority of lowland streams in western Europe, although its 
effects m ust be discussed. Firstly, could the flood control dam s have been traps for 
floating diaspores? During the field inventory and sample collections, drift was detected 
betw een the standing em ergent aquatic vegetation along the stream  sides b u t no 
accumulation of drifting material was observed in front of dams. By their negative effect 
on current velocities, however, flood control dams m ight have influenced the distances 
that species can be dispersed, notably for short-floating species. Secondly, w hat could be 
the implications of controlling discharge on the am ount of diaspores dispersed? In this 
system, the efficiency of controlling discharge is so high that overbank discharge does 
n o t occur, im plying th a t there is no transpo rt of diaspores from  floodplains in to  the 
brook. Thirdly, could cu tting  of the estab lished  vegetation betw een O ctober and 
November have negatively affected the influx of seeds into the stream? For some species 
(e.g. Phragmites australis, Typha latifolia) the seed release period extends from autum n to 
spring (Grime et al. 1989), implying that these species may be underrepresented in the 
d iaspore pool trapped. Therefore, care is required  in m aking generalizations about 
dispersal in natural stream s by reference to the Koningsbeek.
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Conclusion
W e conclude th a t the  occurrence of species in the  local species pool is a significant 
predictor for the dispersal of free-floating and submerged aquatics that rely on vegetative 
propagation. Seed production and buoyancy are of additional importance with regard to 
em ergent aquatics. R iparian species w ith a lim ited terrestria l dispersal capacity may 
greatly extend their range by hydrochory. That is, if large am ounts of (small) seeds are 
produced and provided th a t these can reach the w ater body. Buoyancy of seeds, the 
ability to release vegetative fragments (e.g. Cardamine pratensis) and a high frequency of 
occurrence in the established vegetation prom ote this dispersal capacity as well.
Acknowledgements
We wish to thank Jikkie Boedeltje-Elzinga for counting num erous plants, for providing 
assistance w ith  buoyancy and germ ination experim ents and for her help w ith data 
processing. W e acknowledge the Schure-Beijerink-Popping Fonds for supporting this 
research through a gran t to GB, Jolanda H iddink for draw ing the figures, Jacob 
Hogendorf for glasshouse assistance, Nicole O tten for providing data on water discharge, 
M artin V ersteeg for constructing  the n e t and W im  Ozinga and colleagues of the 
C om m unity and Conservation Ecology Group for providing unpublished data on seed 
production. W e are grateful to John Bruinsma for checking the identification of several 
Potamogeton tu rions and Callitriche p lants and to A lbert C orporaal w ho checked the 
identification of Carex spp. The valuable com m ents of tw o anonym ous referees and 
Lindsay Haddon are highly appreciated.
55
Chapter 3
Appendix 3.1
S et o f  species u sed  for reg ression  analyses
Number of generative and vegetative diaspores trapped, frequency and mean abundance of species in 
the vegetation in a 6.1-km section of the Koningsbeek from the trapping point upstream, seed 
buoyancy (t5o/t9o = time after which 50/90% seeds had sunk; tmax = time after which all seeds had 
sunk), minimum plant height, maximum distance to the nearest stand, seed production per 
individual plant or per 0.25 m2 (clonal plants) and references. Frequency: proportion of 100-m 
sections in which a species was found. Mean abundance: based on 100-m sections where a species 
was present (abundance-scale, see Methods). Superscript digits in the column seed production are 
the multipliers used if seed production data referred to the number per inflorescence or shoot/tiller.
Number of Vegetation Buoyancy RefI Min. Distance Seed Ref'
diaspores (days) plant nearest production
trapped height stand plant-1
Gen. Veg. Freq. Abund. t50 19C tmax (cm) (x100m)
SUBMERGED AND FLOATING-LEAVED AQUATIC SPECIES
Callitriche spp. 808 12733 0.83 2.86 0.00 0.00 0.00 (5) 1 20020 (5)
Ceratophyllum demersum 0 292 0.52 1.76 0.00 0.00 0.00 (6) 1 0 (5)
Elodea canadensis 0 0 0.24 1.62 44 0
Elodea nu tta llii 0 60720 0.80 3.71 1 0
Hottonia palustris 0 0 0.01 2.00 0.00 0.00 0.00 (3) 29 15943 (8)
Juncus bulbosus 0 7 0.02 2.50 0.00 0.00 0.00 (5) 6 0 (5)
Myriophyllum spicatum 0 6 0.24 3.45 0.00 0.00 (1) 31 10010 (5)
Nuphar lutea 0 0 0.47 1.63 1.40 2.90 (8 ) 2 5680 (32)
Potamogeton berchtoldii 8 1810 0.76 2.62 0.00 0.00 ( 1) 2 15010 (5)
Potamogeton crispus 0 0 0.14 1.64 2.25 3.50 3.50 (3) 16 140 (25)
Potamogeton natans 0 0 0.09 2.65 112.00 112.00 >36 5 (3) 36 0 o 1 0 (5)
Potamogeton pectinatus 1 73 0.07 2.00 1.60 3.00 2.50 (4) 4 5 (34)
Potamogeton pusillus 0 118 0.24 2.24 0.64 1.00 1.00 (4) 3 15010 (5)
Potamogeton trichoides 0 51 0.01 2.00 8 0 (33,5)
Ranunculus aquatilis 0 3 0.01 1.00 0.32 0.50 0.50 (4) 54 15010 (5)
Ranunculus circinatus 5 42 0.38 2.38 0.32 0.50 0.50 (5) 2 15010 (5)
EMERGENT AQUATIC SPECIES
Alisma plantago-aquatica 64 0 0.52 2.01 31.25 43.00 ( 1) 5 3600 (12)
Carex acuta 5 0 0.38 3.62 112.00 112.00 ( 1) 2 10005 (2)
Carex vesicaria 0 0 0.06 2.17 112.00 112.00 ( 1) 34 5005 (2)
Eleocharis palustris 0 0 0.02 1.50 0.00 0.00 0.00 (5) 16 30020 (37)
Glyceria fluitans 131 1 0.17 3.32 17.50 32.50 ( 1) 40 40 0 0 10 (21)
Glyceria maxima 108 161 1.00 3.96 35.75 112.00 ( 1) 1 100001t: (2)
Hydrocotyle vulgaris 0 0 0.01 4.00 9.00 14.00 14.00 (4) 60 155 (2)
Iris pseudacorus 6 0 0.13 0.76 112.00 112.00 >36 5 (3) 29 800 (18)
Lycopus europaeus 262 0 0.28 2.10 112.00 112.00 ( 1) 2 5000 (5)
Mentha aquatica 4 0 0.11 1.83 112.00 112.00 180.00 (3) 10 1320 (21)
Myosotis scorpioides 7 2 0.37 1.74 0.32 0.50 0.50 (4) 1 600 (2)
Persicaria amphibia 0 0 0.59 2.04 2.25 3.50 0-7 (3) 1 10 (23)
Phalaris arundinacea 28 47 0.78 3.17 41.00 71.50 ( 1) 1 5 89 515 (10)
Phragmites australis 164 1 0.37 3.48 10.00 26.00 ( 1) 7 226 3 5 15 (10)
Rorippa microphylla 5 6 0.31 1.49 30.00 112.00 ( 1) 1 5 80 010 (14)
Sparganium emersum 82 58 0.47 2.69 112.00 112.00 ( 1) 1 300 020 (2)
Sparganium erectum 2 0 0.09 1.61 112.00 112.00 ( 1) 5 720020 (12)
Typha latifolia 56 4 0.04 2.00 2.30 3.40 (2) 8 17500005 (10)
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Number of Vegetation Buoyancy Ref1 Min. Distance Seed Ref1
diaspores (days) plant nearest production
trapped height stand plant-1
Gen. Veg. Freq. Abund. t50 tgc tmax (cm) (x100m)
SEMI-AQUATIC AND TERRESTRIAL BANK SPECIES 
Achillea m illefolium  6 0 0.04 2.00 0.64 1.00 1.00 (4) 15 1 33202 (6)
Aegopodium podagraria 0 0 0.69 3.14 0.00 0.01 (1) 60 1 1000 (3)
Agrostis capillaris 3 0 0.13 2.72 1.93 3.00 3.00 (4) 10 35 13503 (2)
Agrostis stolonifera 4 19 0.41 2.64 35.00 35.00 (7) 8 2 6 003 (36)
Alnus glutinosa 258 0 0.08 2.00 112.00 112.00 >365 (3) 300 8 240000 (19)
Alopecurus pratensis 7 0 0.46 2.96 19.75 60.00 (1) 30 1 160010 (35)
Angelica sylvestris 4 0 0.37 1.85 112.00 112.00 (1) 90 1 4000 (18)
Anthoxanthum odoratum 0 0 0.11 2.58 1.29 2.00 2.00 (4) 10 29 1005 (2)
Anthriscus sylvestris 0 0 0.82 3.57 0.00 0.01 (1) 60 1 100010 (2)
Arrenatherum elatius 22 0 0.70 3.36 4.50 8.50 (1) 50 1 3000 (24)
Artemisia vulgaris 17 1 0.07 1.08 0.00 0.00 0.00 (4) 60 1 279003 (6)
Betula spp. 37 0 0.12 1.68 38.58 60.00 60.00 (5) 600 8 250000 ( 1)
Bidens tripartita 3 0 0.06 1.44 112.00 112.00 (1) 30 14 1700 (7)
Calystegia sepium 1 0 0.60 3.15 112.00 112.00 (1) 150 2 0 O (21)
Cardamine pratensis 14 107 0.78 1.73 0.00 0.00 0-7 (3) 15 1 500 (12)
Carex hirta 0 0 0.04 2.50 20.25 112.00 (1) 30 10 2002 (2)
Carex remota 24 0 0.03 1.00 112.00 112.00 (1) 30 15 225030 (2)
Cerastium fontanum 0 0 0.08 1.83 0.00 0.00 0.00 (4) 4 21 14103 (20)
Chenopodium album 0 0 0.01 2.00 3.54 5.50 4.50 (4) 15 37 500 (21)
Cirsium arvense 0 0 0.54 3.03 36.50 54.50 (1) 60 5 600 (6)
Dactylis glomerata 12 0 0.76 3.00 60.00 60.00 (1) 30 1 7 50 010 (2)
Elytrigia repens 0 1 0.41 3.17 1.73 3.08 (1) 30 1 100 (22)
Epilobium hirsutum 6 0 0.14 1.25 44.00 56.00 (1) 60 4 78000 (26)
Eupatorium cannabinum 1 0 0.04 1.33 35.00 35.00 (7) 50 24 1000 (18)
Festuca arundinacea 0 0 0.08 2.33 0.27 1.66 (1) 50 35 15005 (2)
Festuca rubra 0 0 0.23 2.69 3.22 5.00 5.00 (9) 15 3 1255 (2)
Filipendula ulmaria 0 0 0.56 2.04 10.50 19.00 (1) 60 3 24002 (18)
Galeopsis tetrahit 0 0 0.02 1.00 0.00 0.00 0.00 (4) 15 6 400 (18)
Galium aparine 0 0 0.47 2.94 0.17 0.31 (1) 60 1 300 (29)
Galium mollugo 0 0 0.03 2.00 0.01 0.15 (1) 30 46 500 (21)
Galium palustre 0 0 0.11 2.07 45.01 70.00 70.00 (4) 5 2 200 (5)
Glechoma hederacea 0 0 0.49 2.67 0.00 0.00 0.00 (9) 15 1 0 (15,5)
Heracleum sphondylium 0 0 0.57 1.88 2.71 3.87 (1) 90 4 850 (27)
Holcus lanatus 14 2 0.40 3.15 41.50 65.00 (1) 30 9 50 0 10 (2)
Holcus mollis 2 0 0.78 3.46 42.00 65.00 (1) 30 2 30010 (2)
Hypericum dubium 0 0 0.04 1.83 0.25 1.52 (1) 20 44 12000 (3)
Hypochaeris radicata 0 0 0.01 1.00 35.00 35.00 (7) 15 49 880 (30)
Juncus acutiflorus 0 0 0.03 2.25 0.00 0.00 0.00 (4) 30 41 200002 (2,5)
Juncus articulatus 1 0 0.02 2.00 2.00 0.00 0.00 (4) 20 40 118002 (21)
Juncus bufonius 2 0 0.07 1.00 0.00 0.00 0.00 (4) 3 21 10002 (2)
Juncus effusus 60 0 0.21 1.51 0.01 0.04 (1) 20 28 260 00020 (12)
Leontodon autumnalis 1 0 0.01 1.00 35.00 35.00 (7) 7 61 1250 (3)
Lolium perenne 1 0 0.03 1.50 0.17 0.88 (1) 10 35 400 (5)
Lotus pedunculatus 0 0 0.21 2.40 0.00 0.00 (1) 30 10 345 (16)
Luzula campestris 0 0 0.07 2.63 0.00 0.00 0.00 (3) 5 44 500 (7)
Luzula multiflora 0 0 0.01 2.00 1.61 2.50 2.50 (4) 5 41 1245 (21)
Lychnis flos-cuculi 1 0 0.10 2.10 0.00 0.00 0.00 (4) 30 41 4000 (4)
Lysimachia vulgaris 1 0 0.10 2.10 112.00 112.00 (1) 60 36 1400 (3)
Lythrum salicaria 7 0 0.40 1.68 38.00 55.00 (1) 60 3 108000 (26)
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Number of Vegetation Buoyancy Ref Min. Distance Seed RefI
diaspores (days) plant nearest production
trapped height stand plant-1
Gen. Veg. Freq. Abund. t50 190 t max (cm) (x100m)
Persicaria maculata 1 0 0.01 2.00 0.64 1.00 1.00 (4) 20 21 500 (12)
Phleum pratense 2 1 0.03 2.00 3.43 5.77 (1) 10 10 40010 (36)
Plantago lanceolata 0 0 0.01 1.00 0.22 2.63 (1) 5 3 50 (12,5)
Plantago major 1 0 0.01 1.00 0.33 1.00 (1) 10 24 600 (12,5)
Poa annua 27 0 0.08 2.63 0.64 1.00 1.00 (4) 5 15 5000 (12,5)
Poa palustris 1 0 0.02 1.50 2.25 3.50 0-7 (3) 30 4 12505 (2)
Poa trivialis 503 12 0.64 3.85 112.00 112.00 (1) 40 1 20005 (2)
Polygonum aviculare 0 0 0.04 1.75 2.25 3.50 0.00 (4) 2 27 100 (21)
Ranunculus acris 0 0 0.38 2.02 0.08 1.01 (1) 30 8 150 (21)
Ranunculus repens 3 0 0.37 1.95 2.25 3.50 3.50 (4) 10 10 150 (13)
Ranunculus sceleratus 664 0 0.23 1.34 112.00 112.00 (1) 1 30000 (31)
Rorippa palustris 71 0 0.03 1.00 7.88 12.25 12.25 (4) 20 16 65000 (12)
Rumex acetosa 1 0 0.36 2.94 11.00 24.00 (1) 50 8 500 (12)
Rumex crispus 8 0 0.26 1.97 58.25 112.00 (1) 100 1 7000 (9)
Rumex obtusifolius 10 0 0.62 2.44 19.00 38.25 (1) 80 4 8000 (9)
Scirpus sylvaticus 2 0 0.09 2.43 27.25 47.25 (1) 25 9 60000 (2)
Scutellaria galericulata 3 0 0.09 2.57 112.00 112.00 >36 5 (3) 15 45 500 (3)
Senecio vulgaris 1 0 0.04 2.00 3.54 3.50 5.50 (4) 7 21 1000 (12)
Silene dioica 0 0 0.01 2.00 2.25 35.00 (7) 30 37 2068 (4)
Sonchus asper 3 0 0.08 1.60 1.93 3.00 3.00 (4) 30 16 3000 (12)
Sonchus oleraceus 0 0 0.16 1.33 2.25 3.50 3.50 (4) 30 1 3000 (3)
Stachys palustris 2 0 0.04 1.50 112.00 112.00 (1) 30 12 1600 (3)
Stellaria media 0 0 0.02 1.00 0.00 0.00 0.00 (4) 10 57 2400 (28)
Symphytum officinale 0 0 0.33 2.23 0.94 2.55 (1) 30 9 250 (18)
Taraxacum officinale 16 0 0.31 1.77 2.57 4.00 4.00 (4) 10 1 2170 (6)
Tripleurospermum m aritim um 2 0 0.02 1.50 0.32 0.50 0.50 (4) 10 17 2000 (17)
Trifolium repens 0 0 0.03 1.33 0.00 0.00 0.00 (4) 5 21 150 (12,5)
Tussilago farfara 0 0 0.01 3.00 0.00 0.00 0.00 (4) 7 38 1080 (6)
Urtica dioica 683 0 0.98 3.87 39.75 55.25 (1) 30 1 30000 (11)
Valeriana officinalis 2 0 0.21 1.60 1.93 3.00 3.00 (4) 60 2 400 (3)
Vicia cracca 0 0 0.38 1.92 0.00 0.00 (1) 30 12 200 (21)
References
I BUOYANCY
(1) Boedeltje & Boedeltje-Elzinga (2002, unpublished); (2) Coops & Van der Velde (1995); (3) Guppy (1906); (4) Praeger (1930); (5) 
Ridley (1930); (6) Sculthorpe (1967); (7) Te Velde & Witte (2002, unpublished); (8 ) Smits et al. (1989); (9) Ozinga et al. (IRIS: Dutch 
database on reproductive traits, unpublished).
" SEED PRODUCTION
(1) Atkinson (1992); (2) Bekker (unpublished) ; (3) Bekker & Kwak (unpublished); (4) Biere (1991); (5) Boedeltje (field observation); (6) 
Bostock & Benton (1979); (7) Bouman et al. (2000); (8 ) Brock et al. 1989; (9) Cavers & Harper (1964); (10) Coops & Van der Velde 
(1995); (11) Greig-Smith (1948); (12) Grime et al. (1988); (13) Harper (1957); (14) Howard & Lyon (1952); (15) Hutchings & Price 
(1999); (16) Jones & Turkington (1986); (17) Kay (1994); (18) Kwak & Hoffmann (unpublished); (19) McVean (1953); (20) Mouissie 
(unpublished); (21) Ozinga et al. (unpublished); (22) Palmer & Sagar (1963); (23) Partridge (2001); (24) Pfitzenmeyer (1962); (25) 
Rogers & Breen (1980); (26) Shamsi & Whitehead (1974); (27) Sheppard (1991); (28) Sobey (1981); (29) Taylor (1999); (30) 
Turkington & Aarssen (1983); (31) Van der Toorn (1980); (32) Van der Velde (1986); (33) Van W ijk (1985); (34) Van W ijk (1988) 
(35)Verbeek (unpublished); (36) Vos (unpublished); (37) Walters (1949).
PLANT HEIGHT
Centraal Bureau voor de Statistiek (1991)
58
59
Trapping diaspores in the Twentekanaal
60
Chapter
Dispersal phenology of hydrochorous 
plants in relation to discharge, 
seed release time and buoyancy of seeds: 
the flood pulse concept supported
Ger Boedeltje, Jan P Bakker, A lbert ten Brinke, Jan M. van Groenendael & 
Martin Soesbergen
Journal of Ecology, 92, 786-796
Abstract
Restored floodplains and backwaters lacking a viable propagule bank, may need flood pulses 
to facilitate inward dispersal of diaspores. Temporal patterns of hydrochorous plant dispersal 
are, however, not well known. Diversity and abundance of diaspores dispersed in a water 
body over twelve m onths were quantified using a 200-um net in order to: (i) test for a 
relationship between discharge and the num ber of species and diaspores dispersed; (ii) 
examine the effect of seed buoyancy and seed release period on the length of the dispersal 
period; and (iii) test whether diaspores of species that disperse during a similar period of the 
year are characterised by similar dispersal and dormancy traits. A total 359,188 individuals 
of 174 vascular plant species developed from 144 samples, with most (90%) from vegetative 
diaspores and only 10% from seeds. Mean number of species and diaspores varied between 
months in parallel with discharge levels. Stepwise multiple regression analysis showed that 
both seed buoyancy and seed release period influenced dispersal periods. In general, species 
that dispersed most diaspores in spring and summer had non-dormant seeds, a shorter seed 
release period and a shorter seed dispersal period than species whose dorm ant seeds 
dispersed in autumn and winter. Vegetative diaspores were dispersed on average over eight 
months, indicating their importance to long-distance dispersal. Several species dispersed 
both generative and vegetative diaspores, often in different seasons. Our results may assist 
the planning of regenerative processes in riverine wetlands at landscape scales, as dispersal 
phenology, and discharge rates must be taken into consideration. Vegetative diaspores may 
be more important than seeds, although the latter may extend the species dispersal period 
into other seasons. Temporal heterogeneity in diaspore dispersal influences the identity of 
diaspores reaching restored habitats.
61
Chapter 4
Introduction
There is increasing evidence that dispersal limitation may constrain the (re)establishment 
of target species in fragmented landscapes, especially in restored or newly created habitats 
lacking a viable propagule bank including w etlands (Bischoff 2002; M iddleton 2002; 
W heeler et al. 2002). The flood pulse concept (Junk et al. 1989; Tockner et al. 2000, 
Middleton, 2002), which assumes that the restoration of natural hydrological conditions 
in rivers is a prerequisite for facilitating the spatial m ovem ent of diaspores during high 
floods, has therefore received much attention. How many species will ultimately be able 
to get diaspores into such habitats by flood events depends on the com position, 
abundance and proximity of the species pool (sensu Zobel et al. 1998), life-history traits of 
species (Bullock et al. 2002; Boedeltje et al. 2003a, Pywell et al. 2003) and hydraulic and 
hydrologic features of the water body (Merritt & W ohl 2002). Frequency and abundance 
of species in the species pool are im portan t as predictors of diaspore perform ance in 
streams (Boedeltje et al. 2003a). However, the importance of temporal dispersal patterns 
of hydrochorous plants in relation to discharge patterns carrying diaspores from a large 
regional species pool is still poorly understood (Goodson et al. 2003).
Two plant traits are hypothesized to be key factors in determining temporal patterns 
of hydrochorous dispersal, provided that diaspores can reach the water body. The season 
and duration that diaspores are released from a plant varies greatly among species, even 
w ithin a single habitat (Harper 1990). For example, in wetlands Phragmites australis is 
known to release its fruits during winter and spring (Haslam 1972) whereas fruit release 
of Glyceria fluitans occurs only in August and September (Grime et al. 1989). Kubitzki & 
Ziburski (1994) found that m axim um  fruiting of trees in flood-plain forests coincided 
with the period of inundation and that the specific timing of diaspore release appeared to 
be related to the presence of specific other dispersal vectors such as fishes. Morris et al. 
(1986) hypothesize a further relationship between the season in which seeds are released 
and the duration of seed release using old-field data showing that species releasing seeds 
in spring had a shorter seed release period than later-releasing species.
Duration of buoyancy of the diaspores is also im portant. Viable seeds of Taxodium  
distichum  and Nyssa aquatica are capable of remaining buoyant for 2 to 3 m onths and are 
therefore dispersed for several m onths after the end of seed fall, i.e. they are present in 
the w ater body during w in ter floods which ultim ately determ ines the sites at which 
diaspores are deposited (Schneider & Sharitz 1988). In many aquatic and several semi- 
aquatic p lan t species, however, vegetative regeneration and dispersal dom inate over 
generative regeneration and dispersal (e.g. Sculthorpe 1967; Barrat-Segretain 1996). In 
view of the w ell-known buoyancy of vegetative parts and the usually lim ited  floating 
capacity of seeds of species such as Potamogeton berchtoldii, M yriophyllum spicatum  and 
Cardamine pratensis (Boedeltje et al. 2003a), the flotation time of their vegetative diaspores 
might be more critical than seed dispersal.
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Dormancy may enable p lant species to bridge unfavourable seasons and species where 
diaspores are dispersed in different seasons of a year may show  different pa tterns of 
emergence. Those w ith dispersal peaks in spring or sum m er are hypothesized to have 
mainly non-dorm ant diaspores w hereas species w ith peaks in au tum n and w in ter are 
more likely to have dorm ant diaspores (Bartley & Spence 1987), suggesting that autumn, 
winter and early spring floods disperse mainly dorm ant diaspores.
Key factors determining a species’ gap colonization ability (sensu Bullock et al. 2002) in 
riverine habitats may be dispersal phenology of species, as determ ined by release period 
and buoyancy of diaspores, as well as hydrological events and dorm ancy tra its. We 
therefore quantified the diversity and abundance of diaspores dispersed in a canal over a 
1-year period and tested the hypotheses that: (i) a positive relationship exists between the 
num ber of species and diaspores dispersed and water discharge as predicted by the flood- 
pulse concept; (ii) there is a positive relationship  betw een the length of tim e that 
diaspores can be found in the w ater body and the duration of release and buoyancy of 
diaspores; and (iii) there are hydrochorous plant dispersal types, i.e. categories of species 
tha t d isperse abundantly  during a sim ilar period of the year in a sim ilar way (by 
producing vegetative, generative or both types of diaspores) and are characterized by 
similar dispersal and dormancy traits of the diaspores.
Materials and methods 
Study area
The Tw entekanaal (52°10' N, 6°20' E), a waterway for navigation and drainage in the 
eastern part of the Netherlands (Fig. 4.1) has a catchment area of 46,000 ha maize fields, 
pastures, w oodland, villages and towns. In total 39 stream s discharge into this w ater 
body, carrying billions of diaspores year-1 (Boedeltje et al. 2003a). Temporal dispersal 
patterns can be studied because the Twentekanaal acts as an enormous regional reservoir 
for diaspores. The water level of the canal (65 km long, 40-60 m wide, and 3-5 m deep) is 
adjusted by locks and pumps and a continuous water level recorder near the m ost western 
lock (Fig. 4.1) provided water discharge information. The generally slow-flowing (<  0.1 
m s-1) and som etim es standing w ater allows floating diaspores to be trapped over a 
relatively long period. There was net drainage of w ater into the river IJssel from April to 
June (2001) and from September 2001 to March 2002 (Fig. 4.2) due to discharge from 
streams, and a very small net water supply from the IJssel into the canal from June until 
Septem ber 2001 (Fig. 4.2). D ischarge ranged betw een -5.2 x 106 and 83.8 x 106 m 3 
m onth-1 with a similar pattern to previous years (Fig. 4.2).
A species-rich riparian vegetation occurs on the banks of the canal and is dominated 
by Phragmites australis, Calystegia sepium, Epilobium hirsutum, Lycopus europaeus and Poa 
trivialis, locally m ixed w ith stands of Sa lix  spp. and A lnus glutinosa  (Boedeltje et al. 
2003b). Boat-induced turbulence prevents rooting of aquatic species, but free-floating and 
subm erged species including Lemna minor, Ceratophyllum demersum, Elodea nuttallii and
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Potamogeton pectinatus may occur in backwaters (Boedeltje et al. 2001). Species-rich hay 
meadows with Arrhenatherum elatius, which border the waterway, are mown in July, but 
the riparian and aquatic vegetation of the canal is not mown.
Figure 4.1 Survey of the landscape in the eastern part of the Netherlands (inset), showing 
pleistocene hills, brook systems and the Twentekanaal connecting towns (grey circles) with the river 
IJssel. The research stretches (A, B, C) are indicated. Figures indicate height in metres above mean 
sea level.
month
Figure 4.2 Total monthly discharge into the river IJssel during the research period (April 2001 to 
March 2002) and mean (± SE) monthly discharge for the 5-year period previous to the research 
period. Data provided by the Ministry of Transport, Public Works and Water Management, Direction 
Oost-Nederland.
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The established aquatic vegetation of the stream s in the drainage area com prises, in 
general, both subm erged and em ergent vegetation in which E. nuttallii, Callitriche spp., 
Glyceria m axim a  and Phalaris arundinacea dom inate. Aegopodium podagraria, Anthriscus 
sylvestris, C. sepium, P. trivialis, Rumex obtusifolius and Urtica dioica are abundant in the 
riparian vegetation (Boedeltje et al. 2003a). Stream vegetation is cut annually in autum n 
and w inter. Efficient discharge control prevents overbank floods bu t the d istinct w ater 
level fluctuations are comparable w ith the 'expansion-contraction cycles below bankfull’ 
sensu Tockner et al. (2000). The term  'flow pu lse’ has been introduced (Tockner et al. 
2000) for the high-w ater phases of such cycles and such pulses are included in our 
description of 'flood pulses’.
Sampling diaspores
Diaspores, i.e. any vegetative part and generative organ (seed, fruit, seedling) from which a 
new plant may grow (Van der Pijl 1982), were quantified at three sites (Fig. 4.1). The trap 
(Fig. 4.3) was initially constructed for measuring sediment transport in gravel bed rivers 
(Wilkens & Mosselman 1994) and consists of an exchangeable net (mesh size 200 ^m) 
with an opening measuring 30 x 30 cm and a length of 200 cm embedded in a stainless 
steel frame, and was dragged in a straight line by the research boat (Fig. 4.3). Every month 
four sections of 400 m each were sam pled at each site at a distance of c. 2 m from the 
northern bank with all sites sampled at the same day. An electronic (C31 OTT) flowmeter 
was attached to the front side of the sampling apparatus (Fig. 4.3) to measure flow velocity 
during sam ple collection, facilitating an accurate calculation of the am ount of w ater 
passing through the net. Samples were derived from the upper 0 - 30 cm of the water layer 
because m ost diaspores were found in this part of the water column (data not shown).
Processing o f  the samples
Each sample was hand-sorted. Dead material was removed and vegetative parts > c. 0.5 
cm w ere separated from seeds and sm aller vegetative portions. The viability of these 
larger fragments of submerged aquatic species was tested according to Barrat-Segretain et 
al. (1999), unless records were available from the literature (see Boedeltje et al. 2003a). 
Fragm ents th a t form ed (new) roots and leaves w ere considered viable. Turions of 
Potamogeton spp. w ere identified separately under a stereo m icroscope according to 
Preston (1995) and considered viable if their leaves were green; no further experiments 
were conducted to test regrowth of these turions. The viability of fragments of emergent 
aquatics was tested in waterlogged pots (see below).
The remaining seeds and small vegetative fragments of each sample were spread out 
in a th in  layer (<  5 mm) in one or m ore trays filled w ith a m ixture of equal parts of 
sterilized sand and potting soil and set to germ inate in a glasshouse under subm erged 
conditions (water level 2 cm above soil surface) for 2 weeks, followed by waterlogged 
conditions (water level 2 cm below soil surface) for 10 weeks. Air tem perature in the 
glasshouse was 25 °C or m ore betw een 06.00 and 21.00 h (photoperiod) and 15 °C 
between 21.00 and 06.00 h. Photon flux density (PAR, 400-700 nm) was 400 ,umol/m2 s-1
65
Chapter 4
Figure 4.3 Details of the apparatus and the net used to trap diaspores. The inset shows the sampling 
apparatus suspended from the projecting arm of a crane being dragged through the water body.
provided by growth lamps. Flooding triggers the germination of seeds of submerged and 
some emergent species (e.g. Van der Valk 1981) and waterlogged conditions are suitable 
for the emergence of both submerged and emergent aquatic species as well as species of 
m oist habitats (Boedeltje et al. 2002). Although seeds of many species can survive long 
periods of flooding, the short submergence ensured survival of those few species where 
flooding reduces seed viability (Baskin & Baskin 1998). Moreover, flooding events in 
riverine habitats rarely last for longer than 2 weeks. Seedlings were counted and removed 
as soon as they could be identified. Individuals that could be identified only after several 
weeks or m onths were transplanted in pots and set waterlogged or m oist to grow until 
identification. Nomenclature follows Van der Meijden (1996).
The w ater level was then lowered to 5 cm below soil surface and trays were 
transferred to a cold (5 °C) dark room for 10 weeks, to break dormancy of the remaining 
seeds (Baskin & Baskin 1998). Seedlings were counted during 2 weeks submerged and 6 
weeks waterlogged conditions, as above, followed by drying for 4 weeks.
The remaining seeds were extracted from 24 dried trays. A seed was considered to be 
viable w hen exam ination under a stereo  m icroscope show ed th a t the endosperm  was 
w hite and firm  (Boedeltje et al. 2003a). A total of 92 species had em erged during 
germ ination trials including three for which viable seeds were found in dried trays: L. 
europaeus (948 seedlings vs. 11 seeds), R. sceleratus (118 vs. 1) and C. sepium (1 vs. 1).
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The m ethod  applied may therefore be considered to produce accurate germ inability 
estimates for almost all species.
Buoyancy o f  diaspores, diaspore release period and dormancy
Literature data on buoyancy, release period and dormancy of vegetative diaspores were 
only available for a few species. However, data on seed buoyancy (the period after which 
50% of the seeds had sunk, t 50) were obtained from Boedeltje et al. (2003a), on seed 
release periods from  Grime et al. (1989) and Ozinga et al. (2003) and on dormancy 
including quiescence (sensu Murdoch & Ellis 2000, see also Baskin & Baskin 1998) from 
Baskin & Baskin (1998) and Grime et al. (1989).
Data analyses
Because of differences in flow velocities among the samples and sampling periods, samples 
were standardized as the num ber of diaspores per 36 m 3 filtered water (=  the am ount of 
w ater passing the ne t if a 400-m  stre tch  of standing w ater was traw led). Significant 
temporal patterns in the num ber of species and diaspores and the num ber of diaspores of 
individual species across all m onths were studied using repeated m easures analyses on 
log10-transform ed data (Zar 1999). Individual species analyses included only those that 
had > 20 records in at least three samples. Each analysis produced three ANOVA tables: 
for the effects o f 1) tim e (w ithin subject), 2) tim e x site  (w ithin subject) and 3) site 
(between subject) averaged over all months. A conservative (Greenhouse-Geisser) P-value 
was calculated to explore the significance of w ithin-subject analyses. If results indicated 
significant differences between sites, a Tukey test (a=  0.05) was used to compare means.
To visualize patterns of species abundance across the 12 m onths surveyed, principal 
com ponent analysis (PCA) was applied using CANOCO 4 focused on inter-species
v
correlations, and centred and standardized by species (Ter Braak and Smilauer1998). For 
each species, the num bers of diaspores trapped in each m onth  were totalled and 
considered as a single sam ple (n = 12). To m eet the assum ptions of PCA, diaspore 
abundances were log10-transform ed. The original ordination results are presented as a 
point-vector p lo t w here the 12 sam ples (m onths) are points and variables (species 
abundances) are represented by vectors drawn from the origin of the scaling plot.
Species that showed a significant time effect, including species with a significant site 
and/or time x site effect, were arranged in categories according to the period of the year in 
which the highest diaspore num bers were observed: spring through late sum m er (SS), 
late sum m er through late autum n (SA) and late autum n through w inter (AW). Seven 
species whose diaspore num bers did no t change significantly over tim e were included 
into a separate category (O). Subsequently, each category was divided into two groups 
according to the nature of the diaspores: vegetative (v) and generative (g).
Differences in the total length of the dispersal period, buoyancy and diaspore release 
period between dispersal categories were tested w ith a one-way ANOVA ( a  = 0.05). To 
examine the relative importance of buoyancy and seed release period on the length of the 
dispersal period, a stepwise m ultiple regression analysis was performed w ith a subset of
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43 species for which data on both traits were known (Appendix 4.1). The length of the 
dispersal period was treated as the dependent variable and the log10-transformed traits as 
independent variables.
Linear regression analysis was used to test w hether there is a significant relationship 
between mean num bers of species/diaspores dispersed and discharge. Because discharge 
of the 39 brooks into the canal mainly determines the discharge of the canal into the river 
IJssel, canal discharge (which is being m onitored daily) was treated as the independent 
variable. Prior to the analyses, m ean num ber of diaspores trapped and total m onthly 
discharge w ere log 10-transform ed because the residuals did no t follow a norm al 
distribution. SPSS v. 11.0 was used to perform statistical analyses.
Results
Temporal variation in the number o f  species and diaspores dispersed
A total of 359,188 individuals of 174 vascular plant species developed from 144 samples, 
90% from vegetative diaspores and 10% from seeds. These plants represent a range of 
genera (including Betula, Callitriche and Platanus) and habitats (55 aquatics, 12 m ud­
dwelling species, 46 species of grasslands, 32 of tall-herb fens, 11 of woodlands and 18 of 
o ther terrestrial com m unities). Free-floating aquatics accounted for 55.8% of the total 
num ber of viable diaspores trapped, subm erged aquatic species for 31.4%, em ergent 
aquatic species for 7.8%, woodland species for 1.8% and the remaining species groupings 
for 3.2%. A total of 106 species developed exclusively from seeds, 26 exclusively from 
vegetative plant parts and 42 from both generative and vegetative diaspores. Seventy five 
species (Appendix 4.1) m et the criteria for the assessm ent of temporal dispersal patterns 
and their dispersal phenology diagrams have been included in Appendix 4.2.
Mean num ber of species and diaspores collected per m onth varied significantly over 
time (Fig. 4.4; Appendix 4.1). Highest species richness was observed in January when on 
average (±  SE) 41 (±  3) species were trapped per sam ple (36 m 3) and a total of 102 
species developed from the 12 samples. Mean num ber of species was lowest in May and 
June w ith 14 (± 2) and 13 (± 1 ) sam ple-1, respectively (Fig. 4.4). Mean seed num bers 
ranged from 24 (±4) sam ple-1 in A ugust to 729 (±221) and 849 (±211) in December 
and January, respectively (Fig. 4.4). Lowest and highest num bers of vegetative diaspores 
w ere observed in June (24 ± 4 sam ple-1) and D ecem ber (10,034 ± 2711 sam ple-1), 
respectively (Fig. 4.4). Mean numbers of species and diaspores trapped m onth-1 increased 
significantly as water discharge into the river IJssel increased (Fig. 4.5).
Stepwise m ultiple regression analysis perform ed w ith 43 species (Appendix 4.1) 
showed that release period and buoyancy contributed equally to the length of the seed 
dispersal period (Table 4.1), together accounting for 43% of the variation. Long dispersal 
periods resulted  from several com binations of buoyancy and seed release period, e.g. 
high-extended (Alnus glutinosa), h igh-short (Poa trivialis) and low -extended (Typha 
latifolia) (Appendix 4.1).
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Dispersal categories
The dispersal categories are indicated in the PCA-diagram (Fig. 4.6) which explains 81% 
of the total variance in species abundance. The spring-sum m er category com prises 12 
species, of which 75% are terrestrial and 25% aquatic. Ten species w ere generatively 
dispersed (e.g. Salix fragilis, Taraxacum officinale) and two vegetatively (Potamogeton 
pectinatus and Lemna trisulca).
Figure 4.4 Top panel: Mean (+SE) number of species trapped per 36 m3 month-1 and total number 
of species trapped month-1 during the research period (April 2001 to March 2002). Bottom panel: 
Mean (+SE) number of vegetative and generative diaspores trapped per 36 m3 month-1. The volume 
of 36 m3 is the amount of water (from 0 - 30 cm) sampled over a length of 400 m. For mean and 
total number: n = 12 .
Table 4.1 Stepwise multiple regression analysis of the effect of buoyancy (f50) and seed release 
period on the length of the dispersal period. ß = standard partial regression coefficient.
Log10 Log1 0  (seed
Intercept (buoyancy +1) release period) Model statistics
Dependent variable ß P ß P ß P F d.f. djR P
Dispersal period 12
00Ö005.3
Ö
1
OOÖ
2
Ö
0 .472 0.000 6. 5 "-J CO 2 0 .43 0 .000
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log (discharge + 60 x 105 m3 )
Figure 4.5 The relationship between mean number of species and mean number of diaspores trapped 
per 36 m3 month-1 and discharge. Top panel: y = -30.72 + 7.59 x; R2adj. = 0.26, Fi(io = 4.95, P = 
0.05). Bottom panel: y = -0.94 + 0.56 x; R2adj. = 0.30, Fi,io = 5.63, P = 0.04). For mean: n = 12.
The sum m er-autum n category includes 17 species, of which 64% are sem i-aquatic or 
terrestria l (including tall-herb species) and 36% aquatic. In total 14 species were 
generatively dispersed (e.g. Urtica dioica) and three vegetatively (Ceratophyllum demersum, 
Myriophyllum spicatum and Potamogeton natans).
The autum n-w inter category contains 43 species, of which 37% are semi-aquatic or 
terrestrial and 63% aquatic. A total of 26 species are part of the generative group (e.g. 
Phragmites australis) and 11 of the vegetative group (e.g. Hottonia palustris), whereas six 
species have been assigned to both groups including Cardamine pratensis (Fig. 4.6; 
Appendix 4.1).
The O-category contains only seven species, including four semi-aquatic or terrestrial and 
three aquatic species: three of the generative group (e.g. Poa annua) and four of the 
vegetative group, such as Potamogeton berchtoldii (Fig. 4.6; Appendix 4.1).
Traits o f generatively dispersed groups
Apart from differences in the period of highest abundance, species showed also striking 
differences in the 'ta il’ of the dispersal curves, i.e. the length of the dispersal period 
(Appendix 4.1 and 4.2). Mean seed dispersal period of the SS category was significantly 
shorter than that of the SA and AW categories, respectively (Table 4.2; Appendix 4.1).
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SS - spring-summer category 
SA - summer-autumn category)
AW - autumn-winter category 
O - category without time-effect
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Figure 4.6 PCA diagram showing the relative positions of samples (months I-XII), species and 
dispersal categories. The diagram explains 81% of the total variance in species abundance, the first 
two eigenvalues being 0.52 and 0.14; the third and fourth eigenvalues are 0.08 and 0.07, 
respectively. Abbreviations of species: first letter of the genus name (capital) followed by the first 
three letters of the species name (for full names see Appendix 4.1). Except for species inside the 
dashed figure (the O-category), abundances of species changed significantly over time (Appendix
4.1).
Seed release period of the SS-group was on average significantly shorter than that of 
the SA-group and AW-group, respectively; mean seed buoyancy did not differ significantly 
betw een groups (Table 4.2). Seeds of only 10.0% of the species of the  SS-group were 
dorm ant, contrasting significantly w ith the SA group (77.0%) and AW  group (89.3%) 
(Table 4.2).
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Traits o f vegetatively dispersed groups
The length of the dispersal period of species that dispersed vegetatively was on average 
8.31 (± 0.62) m onths and no significant difference betw een the dispersal groups was 
found (Table 4.2). Vegetative diaspores of several species, including Ceratophyllum  
demersum, Callitriche spp., Elodea nuttallii and Lemna minor, were observed throughout the 
year (Appendix 4.1 and 4.2).
In four of the species for which both vegetative and generative diaspores were found, 
vegetative diaspores w ere dispersed in a different season to seeds. For example, Poa 
trivialis dispersed seeds abundantly in spring and sum m er whereas vegetative diaspores 
were mainly found in Novem ber and December (Appendix 4.2). A further six of these 
species, including Cardamine pratensis, M yosotis scorpioides, Phalaris arundinacea and 
Rorippa microphylla, dispersed both diaspore types abundantly within the autum n-winter 
period. However, peaks and tails of the dispersal curves only partly coincided (Appendix
4.2) but the length of the dispersal period of generative and vegetative diaspores did not 
differ significantly (paired samples t-test, t = 1.524, d.f. = 9, P = 0.162).
Table 4.2 Mean values (SE in parenthesis) o f  seed release period, dispersal period and buoyancy 
(t5o), and percentage o f  dorm ant species for three dispersal categories. M eans w ith  the same 
superscript letter w ith in  a row are not significantly different at P <  0 .05 based on ANOVA and 
Tukey’s range test. Seed release period and dispersal period in m onths, buoyancy in days and 
dorm ancy in percentages. generative/vegetative = generative/vegetative diaspores; ND = not 
determined (including the O-category that is not shown) because of low  numbers.
Species trait
Statistics
Dispersal Category 
Spring-Summer Summer-Autumn Autumn-Winter
d.f.
-fc
F P n mean n mean n mean
Seed release period 2 5. 0 CO * 0.010 7 2 .1 4a 14 4 .1 4 b 27 4 .3 3 b
(0.14) (0.44) (0.35)
Dispersal period (generative) 2 7 .299* 0.002 10 4 .3 0 a 14 7 .1 4 b 32 8 .0 6 b
(1.10) (0.78) (0.55)
Dispersal period (vegetative) 1 2 .205* 0.154 2 ND 3 6.33a 17 9.06a
(2.96) (2.63)
Buoyancy (generative) 2 0 .470* 0.628 7 3 2 .0 a 14 51 .3a 30 4 7 .3a
(16.0) (11.6) (9.2)
Dormancy (generative) 2 2 2 .2 0 0.000 10 10.0 13 77.0 28 89.3
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Discussion
Temporal variation in the number o f  species and diaspores dispersed
O ur first hypothesis th a t the num ber of species and diaspores dispersed w ould be 
positively related to discharge of the canal was supported by the results. Highest species 
richness and diaspore num bers w ere observed in late au tum n and early w in ter when 
discharge was highest. Therefore, our study clearly illustrates the importance of the flood- 
pulse concept in understanding the spatial and temporal dynamics in diaspore num bers 
that are transported by water (Junk et al. 1989; Tockner et al. 2000, Middleton, 2002). The 
results presented here are consistent w ith those of Schneider & Sharitz (1988) that the 
num ber of species and seeds dispersed were positively related to water levels in a swamp 
forest and to the finding of Andersson & Nilsson (2002) that litter mass was correlated 
with water level in a boreal river.
O ur second hypothesis th a t buoyancy and seed release period w ould be good 
predictors of the length of the dispersal period was supported by the results of multiple 
regression analysis, both factors being equally im portant. Similarly, Schneider & Sharitz 
(1988), Nilsson et al. (2002) and Boedeltje et al. (2003a) dem onstrated the significance of 
buoyancy for effective hydrochorous dispersal. Buoyancy of diaspores may be more 
im portant for effective aquatic plant dispersal in low-energy systems such as canals than 
in river systems where flow velocities and turbulence are higher (Bill et al. 1999). In free- 
flowing boreal rivers, for example, buoyancy of diaspores was no t a crucial factor in 
structuring riparian vegetation (Andersson et al. 2000).
W hich and how m any species ultim ately may benefit from effective hydrochorous 
(flood pulse) transport depends on the diaspore pool available during a given period of 
tim e and the availability of safe sites (sensu H arper 1990). The diaspore pool of the 
Twentekanaal (174 vascular plant species from 144 samples) is much more diverse than 
tha t of a lower river in Sweden (23 species in nine drift sam ples, Skoglund 1989), a 
backw ater of the river Rhône in France (23 species in nine drift sam ples, Cellot et al. 
1998), an alpine floodplain in Germany (Bill et al. 1999 detected six species in 30 drift 
sam ples collected w ith nets and 14 species in 48 sam ples collected w ith sedim ent 
baskets), and a boreal river, Sweden (Andersson & Nilsson 2002 recorded 54 species in 
216 sam ples). Use of a finer m eshed net (200 ^m ) may explain a t least part of the 
differences in the num bers of species found, especially with regard to small-seeded ones, 
such as Callitriche spp. and Juncus spp., together w ith exclusion of vegetative diaspores 
(90% of the total trapped) by Skoglund (1989) and Bill et al. (1999). Species richness and 
diaspore abundance are both higher than in one of the feeder stream s of the 
Twentekanaal (107 species in 126 samples, Boedeltje et al. 2003a), as m ight be expected 
given the larger species pool.
There is a large overlap between their dispersal peak (Fig. 4.6, Appendix 4.2) and seed 
release peak for Arrhenatherum elatius (Grime et al. 1989), Salix alba (Van Splunder et al. 
1995), Zannichellia palustris (Bonn & Poschlod 1998) and Lythrum  salicaria (Klips & 
Penalosa 2003), but for Cardamine pratensis, Myosotis scorpioides (Grime et al.1989), Carex
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paniculata, C. remota (Jermy & Tutin 1968) and some other species, seed release peaks 
preceded late autum n and/or w inter dispersal peaks. The majority of vegetative diaspores 
was dispersed in this period, suggesting that floods may have transported diaspores from 
stream s into the canal. This in terp re ta tion  is supported  by the observed positive 
relationship between the num ber of species and diaspores trapped and discharge. During 
periods of low discharge, diaspores of em ergent aquatic and riparian species may 
accum ulate betw een the standing vegetation in a stream  as well as on the substrate  
surface beneath riparian plants (Boedeltje et al. 2003a). These diaspores will likely be 
transported  w hen w ater levels rise and flow velocities increase (cf. Persicaria spp., 
S taniforth & Cavers 1976) and floods may also have caused turion  abscission 
(Potamogeton berchtoldii), stem  fragm entation (e.g. Callitriche spp., Elodea nuttallii) and 
uprooting (e.g. Phalaris arundinacea) o f aquatics, resulting  in the dispersal o f large 
am ounts of vegetative diaspores. The fact th a t floods may act as disturbances (sensu 
Grime 2001) and as vector of (vegetative) diaspores was confirmed by Cellot et al. (1998).
Dispersal o f  species absent from  propagule banks
It is worth noting that several aquatic species that were aquatically dispersed by vegetative 
organs, including A pium  inundatum , Ceratophyllum demersum, Elodea nutta llii, Glyceria 
maxima, M entha aquatica, M yriophyllum spicatum, Potamogeton berchtoldii, P. natans and 
Ranunculus circinatus, were no t found in the propagule banks of backwaters along the 
research canal (Boedeltje et al. 2003b). The same holds for seed-dispersed riparian species 
such as Angelica sylvestris, Arrhenatherum elatius, Berula erecta, and Valeriana officinalis 
w hich are know n to have transien t seed banks (Thom pson et al. 1997). Vegetatively 
dispersed species and short-lived trees were also absent in the seed banks of abandoned 
farm fields that were converted into forested wetlands (Middleton 2003).
Dispersal categories
This study dem onstrates that it is possible to distinguish hydrochorous plant dispersal 
categories, i.e. groupings of species that disperse abundantly during a sim ilar period of 
the year and tha t are characterized by sim ilar dispersal and dorm ancy traits of the 
diaspores. Although it m ight have been possible to designate four (seasonal) categories, 
the spring group would have comprised only four species. W e expected the O-category to 
include species which may produce diaspores equally during all seasons, bu t only Poa 
annua (Grime et al. 1989) m et this assum ption. The fu rther presence of species w ith 
relatively low diaspore num bers heterogeneously spread among the samples (Appendix 
4.1 and 4.2), suggests that the O-category should be considered as a tentative group, and 
its characteristics will not be discussed here.
The great variation in the  num ber of diaspores trapped is likely the resu lt of 
differences in occurrence of species in the species pool, distance to the species pool, the 
am ount of diaspores produced per p lan t and other life-history traits (Boedeltje et al. 
2003a; Campbell et al. 2003). The site effect recognized for several species (Appendix 4.1) 
may for aquatic species including E. nuttallii, G. maxima and P. berchtoldii be explained by
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the relatively small distance of the sampling site(s) to streams that are known to contain 
large numbers of diaspores (Boedeltje et al. 2003a). For some other species, the site effect 
may depend on the heterogeneity of the established vegetation. Overall, these effects were 
small when compared with the time effect (Appendix 4.1).
General features o f generatively dispersed groups
Species of the spring-sum m er (SS) category had a shorter seed release period and a 
sho rter seed dispersal period than species of the sum m er-au tum n (SA) and autum n- 
winter (AW) category, which is consistent with the results of Morris et al. (1986) derived 
from an old-field community. Buoyancy of seeds varying from 32 days (SS-category) to c. 
50 days (other categories) is high. As hypothesized, seeds of the SS category were, in 
general, non-dorm ant, whereas those of the SA and AW  categories were dorm ant. This 
may be of adaptive significance because conditions for germ ination and growth may be 
less favourable in autum n and winter.
It is well-known that seeds of many emergent aquatic and semi-aquatic species, which 
make up the majority of the SA and AW species, lack the capacity to germinate and grow 
under water (e.g. Van der Valk 1981). Their high floating capacity may therefore enhance 
their chance of being deposited on safe sites such as bare, waterlogged soils which have 
been exposed by scouring w inter floods, w ith dormancy preventing germ ination before 
safe sites are reached.
General features o f vegetatively dispersed groups
The extended dispersal period of vegetative diaspores dem onstrates their im portant role 
in long-distance dispersal in the aquatic environment (Boedeltje et al. 2003a). Our results 
show that many species (24.1% of all species observed) may be able to enhance their 'gap 
attainm ent ability’ (Bullock et al. 2002) by using generative as well as vegetative dispersal 
and that this ability may be further enhanced by dispersing the two types of diaspores in 
(quite) different periods of the year. Finally, it should be noted that there are even species 
which may additionally use wind-mediated (e.g. Epilobium hirsutum, Salix spp.) or animal­
mediated (e.g. P. natans, Sparganium emersum) diaspore transport (Barrat-Segretain 1996), 
phenom ena which should be taken into account when forecasting plant migration rates 
(Higgins et al. 2003).
Conclusion
W ater is a vector for the transport of generative as well as vegetative diaspores of aquatic, 
semi-aquatic and several terrestrial plants. Species richness and diaspore num bers were 
higher when discharge was highest, late autum n and early winter, suggesting flow pulses 
of sufficient magnitude and at appropriate times of year are im portant for plant dispersal 
in river systems that are regulated to prevent flooding. The flood-pulse concept should be 
a useful tool in the restoration  of riverine w etlands and backw ater habitats (see also
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Tockner et al. 2000, Middleton 2002; Goodson et al. 2003). Flood pulses are required for 
the dispersal of those species th a t are absent from or under-represented in propagule 
banks and to deliver diaspores of aquatic species to backwaters and cut-off channels and 
of sem i-aquatic and terrestrial species to sites tha t have sufficient elevation to be safe 
from subsequent flow disturbance before the plants are established to resist erosion but 
low enough to be safe in terms of available moisture to support successful establishment.
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Appendix 4.1
D isp e rsa l c h a ra c te r is tic s  o f  sp ec ie s  w h ich  h a d  > 2 0  re c o rd s  in  a t  le a s t  th re e  
sam p le s  a n d  re p e a te d  m e a su re s  A N O V A  o f  tim e  a n d  s ite  e ffec ts  a n d  th e ir  
in te rac tio n  on th e  d ispersa l period .
Characteristics
Diaspore type:
Numbers trapped:
Dormancy:
Buoyancy:
Release period:
Dispersal period:
Statistics
a P < 0.05, b P < 0.01, c P < 0.001, d P < 0.0001, NS not significant; Significant differences are 
indicated bold. d.f. for time effect = 11 , for time x site effect = 22  and for site effect = 2 .
N.B.
Species can occur in different categories when generative and vegetative diaspores show different 
dispersal behaviour.
Species of which data on both buoyancy and release period were known were used for multiple 
regression analysis: those data are included in the table.
g = generative including seeds, fruits, seedlings; v = vegetative: L = leave, 
including fronds of Lemnaceae, P = whole plant including detached shoots, R = 
rhizome and/or root fragment, S = stem fragment including stolons, T = turion. 
numbers of diaspores trapped in the 14 4  samples.
D = dormant, ND = non-dormant, blank = not known (data mainly after Grime et 
al. 1989 and Baskin & Baskin 1998).
buoyancy of seeds (f50, days after which 50% of the seeds had sunk; from Boedeltje 
et al. 2003a).
seed release period (in months). 
number of months a species was trapped.
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Category/Species Characteristics W ithin subject effects Between
subject
effects
Diaspore
type
Numbers
trapped
Dormancy Buoyancy Release
period1
Dispersal
period
Time
F
Time x Site 
F
Site
F
SPRING-SUMMER CATEGORY
Arrenatherum elatius g 24 ND 5 2 (4) 2 34.45" 0 .2 5 ns 0 .4 2 NS
Dactylis glomerata g 78 ND 60 5 (8 ) 7 9.55b 2 .13 ns 12.58b
Epilobium ciliatum g 32 ND 2 29.57" 3.93a 1.54NS
Epilobium tetragonum g 83 ND 3 44.01" 1.48ns 2 .67 ns
Holcus lanatus g 242 ND 42 2 (4) 10 11.51" 1.97ns 8.55b
Lemna trisulca v (L) 9240 12 11.32" 8.21" 7.98b
Poa trivialis g 77 ND 112 2 (4) 10 8.39" 1.00NS 0.6 1 NS
Potamogeton pectinatus v (S) 101 4 9.93" 6.15c 7.25a
Salix alba g 31 ND 2 1 (8 ) 1 9.31a 0 .3 2 NS 0 .3 2 NS
Salix fragilis g 209 ND 2 2 (8 ) 3 25.51" 3.65a 1.33NS
Taraxacum officinale g 199 ND 3 2 (4) 4 33.05" 2 .35NS 2 .35NS
Zannichellia palustris g 35 D 1 693.97" 693.97" 693.97"
SUMMER-AUTUMN CATEGORY
Acer pseudoplatanus g 20 D 0 3 (4) 1 6.00a 1.50NS 1.50NS
Angelica archangelica g 54 D 112 3 (2) 7 4.94b 0 .9 3 NS 1.70ns
Angelica sylvestris g 72 D 112 4 (4) 9 5.18b 1.72ns 0 .8 1 ns
Barbarea stricta g 55 D 112 4 (2) 7 7.24c 1.38ns 2 .71 ns
Betula spp. g 318 ND 39 6 ( 1) 11 9.19b 0 .7 3 ns 1.99NS
Ceratophyllum demersum v (S) 1779 12 26.96" 5.19" 1.79ns
Epilobium hirsutum g 32 ND 44 3 (8 ) 7 6.32b 1.02ns 0 .7 0 ns
Eupatorium cannabinum g 83 D 35 3 (8 ) 8 5.91b 1.37ns 2 .17 ns
Galium mollugo g 22 0 4 (2) 4 13.78" 10.26" 31.95"
Glyceria fluitans g 37 D 18 2 (4) 4 4.01a 1.66NS 3 .3 7 ns
Glyceria maxima g 33 D 36 2 (4) 5 17.88" 2 .09ns 0 .9 3 ns
Myriophyllum spicatum v (S) 29 5 5.16a 1.45ns 0 .3 1 ns
Potamogeton natans v (R) 157 2 47.56" 38.00" 48.96"
Rumex crispus g 122 D 58 8 (3) 12 4.02a 0 .9 8 NS 0 .8 3 ns
Rumex hydrolapathum g 63 ND 112 5 (2) 8 3.92a 1.54NS 2 .59ns
Urtica dioica g 216 D 40 5 (4) 9 13.43" 3.40a 73.19"
Valeriana officinalis g 50 D 2 2 (4) 8 4.30a 1.27ns 0 .7 8 ns
AUTUMN-WINTER CATEGORY
Agrostostis stolonifera v (P, S) 128 11 6.42" 2.96a 3 .5 0 NS
Alisma lanceolatum g 28 D 3 5.81b 2.83a 4.42a
Alisma plantago-aquatica g 295 D 31 3 (4) 9 17.43" 4.08b 0 .88ns
Alnus glutinosa g 4117 D 112 6 (4) 12 61.62" 4.11c 28.87"
Apium inundatum v (R, S) 174 3 32.67" 5.44b 8.09b
Artemisia vulgaris g 79 D 0 3 (8 ) 7 7.45b 0 .7 5 ns 0 .6 7 ns
Azolla filiculoides v (L) 674 7 15.21" 3.02a 5.95a
Berula erecta g 23 ND 35 4 5.01a 1.61ns 2 .90ns
Bidens frondosa g 88 D 112 5 (2) 11 2.71a 1.60ns 1.80ns
Callitriche spp. v (L, S) 15460 12 56.41" 4.02b 1.42ns
Callitriche spp. g 791 D 0 12 48.73" 2 .06ns 0 .8 9 ns
Cardamine pratensis v (L) 1313 11 46.81" 4.72" 15.05c
Cardamine pratensis g 94 ND 0 2 (8 ) 9 8.36" 4.14b 8.03a
Carex paniculata g 31 D 112 3 (6) 7 4.74b 0 .9 6 ns 1.07ns
Carex remota g 189 D 112 3 (8 ) 11 12.20" 2.92b 1.90ns
Catabrosa aquatica g 33 1 3 (2) 2 18.88" 11.11" 7.44a
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Category/Species Characteristics Within subject effects Between
subject
effects
Diaspore
type
Numbers
trapped
Dormancy Buoyancy Release
period1
Dispersal
period
Time
F
Time x Site 
F
Site
F
Eleocharis acicularis g 26 D 0 3 (2) 3 3.80a 1.60NS 1.44NS
Elodea nu tta llii v (S) 101632 12 159.79" 6.35" 0 .9 6 ns
Glyceria maxima v (P, R) 296 9 16.67" 1.09ns 0 .8 4 ns
Hottonia palustris v (S) 48 6 9.43c 5.31b 15.25c
Humulus lupulus g 95 D 2 3 (2) 7 5.24b 1.97ns 8.68b
Iris pseudacorus g 102 D 112 5 (9) 9 3.28a 1.53ns 2 .37 ns
Juncus effusus g 231 D 0 6 (4) 12 3.96b 1.27ns 5.22a
Lemna minor v (L) 183631 12 34.14" 8.14" 4.69a
Lycopus europaeus g 16228 D 112 5 (2) 12 63.28" 2.25a 3 .4 5 ns
Lysimachia vulgaris g 48 D 112 5 (2) 5 8.44b 2 .3 7 ns 9.46b
Lythrum salicaria g 101 D 38 5 (7) 8 4.92a 0 .3 8 ns 0 .0 4 ns
Mentha aquatica v (R, S) 33 7 3.45a 0 .9 0 ns 1.92ns
Myosotis scorpioides v (R, S) 328 10 18.59" 4.45b 10.19b
Myosotis scorpioides g 99 D 0 3 (4) 7 5.80b 0 .9 4 ns 10.08b
Phalaris arundinacea v (R, S) 391 10 16.66" 2.26a 2 .59 ns
Phalaris arundinacea g 74 D 41 4 (8 ) 7 4.34a 0 .5 3 NS 0 .2 6 ns
Phragmites australis g 4820 D 10 7 (5) 12 23.52" 6.12" 15.92c
Platanus spp. g 38 2 39.55" 1.04ns 1.30ns
Poa trivialis v (P, S) 42 10 5.56b 1.13NS 0 .4 7 ns
Ranunculus sceleratus g 3969 D 112 3 (4) 12 20.48" 4.71a 2 .39 ns
Robinia pseudoacacia g (pod) 519 D 35 5 (2) 8 7.35c 2 .4 7 ns 11.39b
Rorippa amphibia g 25 2 7 3.87a 0 .5 8 NS 0 .21ns
Rorippa microphylla v (P, S) 139 8 8.10" 3.48b 6.04a
Rorippa microphylla g 31 30 3 (4) 8 6.49c 0 .6 9 ns 0 .7 4 ns
Rorippa palustris g 68 D 12 4 (4) 11 6.68c 1.25ns 0 .4 5 NS
Rumex obtusifolius g 233 ND 19 8 (3) 10 15.50" 3.16a 18.31c
Sagittaria sagittifolia g 42 D 112 3 (8 ) 6 5.33b 2 .02ns 2 .21ns
Scirpus sylvaticus g 29 D 27 5 (2) 6 3.83a 1.81NS 3 .2 6 ns
Sparganium emersum v (P, S) 30 6 7.40c 1.32ns 7.90b
Sparganium emersum g 298 D 112 3 (2) 10 22.61" 2.65a 10.01b
Spirodela polyrhiza v (L) 7154 12 9.96" 6.97" 19.37c
Typha latifolia g 103 D 2 8 (4) 9 3.53a 1.20ns 4.51a
Veronica beccabunga v (R, S) 99 8 12.33" 4.65b 13.24b
O CATEGORY
Agrostis stolonifera g 33 ND 35 3 (4) 9 1.75ns 1.16ns 2 .41 ns
Calystegia sepium v (R) 21 8 1.74ns 1.05ns 0 .2 3 ns
Eleocharis acicularis v (R) 22 4 3 .1 6 NS 2.66a 1.38NS
Oenothera biennis g 34 D 104 4 (2) 9 2 .37 ns 1.34ns 7.90b
Poa annua g 20 ND 1 7 (8 ) 5 2 .36 ns 1.45ns 4.51a
Potamogeton berchtoldii v (S, T) 60 10 2 .24NS 2.63a 10.18b
Ranunculus circinatus v (S) 20 5 1.19ns 1.56ns 3 .9 6 ns
Number of diaspores 359188 43.77" 7.57" 2 .08 ns
Number of species 174 17.15" 3.17b 3 .5 6 ns
1 References seed release period:
(1) Atkinson (1992); (2) Boedeltje (unpublished); (3) Cavers & Harper (1964); (4) Grime et al. (1989); (5) 
Haslam (1972); (6) Jermy & Tutin (1968); (7) Klips & Penalosa (2003); (8) Ozinga et al. (2003); (9) 
Sutherland (1990).
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Appendix 4.2
D ispersal phenology  diagram s o f species g rouped  p er d ispersa l category
Solid lines represent seeds, dashed lines vegetative diaspores. X-axis: months [April 2001 - March 
2002; Y-axis: mean number (+SE) of diaspores per sample (36 m3) per month (n = 12); if a diagram 
includes both diaspore types, left axis: vegetative diaspores, right axis: generative diaspores. Species 
may be included in two categories depending on the dispersal peaks of generative and vegetative 
diaspores, respectively. In eight graphs a log scale is used.
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Autumn-Winter category 
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Autumn-Winter category 
VEGETATIVE
103­
102­
101­
100­
30
20
10
0
C a llitriche  spp.
*  f   ^«A I * ^
K
A M J  J A S O N D J  F M
120
80
40
0
C ardam ine pra tens is
A M J  J A S O N D J  F M
1
\  J>Pyy. I. . I . iV I . I
E lodea nutta llii
I
i  v
G lyceria  m axim a 8 10 
6 8 
6
•4
2
H otton ia  pa lustris
k  A
/ v  \
b—c•0 0 -  o - o - o - o - o - o
A M J  J A S O N D J  F M
105­
104
103­
102-
101
Lem na m inor
A„
•'«-V
M entha aquatica 40
30
2 0 ­
10
0
M yosotis scorp io ides
A M J J A S O N D J F M
P halaris arundinacea
A M J J A S O N D J F M
Poa trivialis
•h—I—I—I—
A M J J A S O N D J F M
R orippa m icrophylla
L ,  ,  .  rf» • i*|W|--1--1--1--1--1--r
A M J  J A S O N D J  F M
2
1
2
1
0 0
S pargan ium  em ersum
m 9 Q- Q i j
A M J  J A S O N D J  F M
102
101
100
Ä /  \
S p irode la  polyrh iza
/V /
16
12
8 ­
4
0
Veron ica beccabunga
f
I V
K- O ^ - O r O T ^ T 0 - ^  i— i— I— r DT ° -
A M J  J A S O N D J  F M
00
00 * I 11 I .1 i ' » r> m  r\ I 1 rA M J  J A S O N D J  F M
A M J  J A S O N D J  F M
2
0
310
. I . .  I , . 0 I ~  . , l n l , I I- I . ,
A M J  J A S O N D J  F M
84
Dispersal phenology o f hydrochorous plants
Category of species without time-effect (O-category) 
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Aerial photograph of the Twentekanaal west of Lochem with wave- 
protected backwaters at both sides.
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Overview of the experimental set-up in the glasshouse
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Potential role of propagule banks 
in the development of aquatic vegetation 
in backwaters along navigation canals
Ger Boedeltje, Jan P Bakker & Gerard N.J. ter Heerdt
Aquatic Botany, 77, 53-69
Abstract
The diversity and abundance of plant species in propagule banks of backwaters along a 
navigation canal in the Netherlands were studied in order to assess the relationship with the 
standing vegetation and the potential role of propagule banks in the establishm ent of 
(submerged) aquatic vegetation. At five sites, varying in vegetation composition and age, 
180 samples were collected: 100 from surface sediment and 80 from the interface between 
original soil and sediment (= subsediment). In total, 113 species emerged of which Juncus 
spp. and Lythrum salicaria were the most abundant. Seven submerged species occurred at low 
densities. On average, there were 10.8 -  17.8 species L-1 in the surface sediment, and 8.5 -  
10.2 L-1 in the subsediment. The mean number of propagules in samples ranged from fewer 
than 200 L-1 in 3-year-old to over 3000 L-1 in 10-year-old sites. There was little 
correspondence between propagule bank and standing vegetation. Vegetation establishment 
2 m onths after sedim ent removal in six plots revealed 10 species; submerged species, 
however, hardly occurred. We conclude that propagule banks cannot play a significant role in 
the (re-)establishm ent of diverse submerged aquatic vegetation along this canal. After 
creation of bare sites as a result of cutting and dredging in narrow zones along the water 
line, however, propagule banks may contribute to the development of species-rich emergent 
vegetation.
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Introduction
In navigation canals in north-w est Europe, diverse aquatic vegetation is eliminated from 
the main w ater body by boat-induced disturbance (Haslam 1987; M urphy et al. 1995). 
Specially constructed shallow zones and other backwater areas, such as lock side ponds 
and branches, however, have po ten tia l for the developm ent of roo ted  aquatic 
communities (Willby & Eaton 1996; Boedeltje et al. 2001). Backwaters have been created 
along various canals in the  N etherlands w ith  the aim  of ecologically enhancing 
intensively navigated w aterw ays. These backw aters consist of shallow  w ater zones, 
partly or fully separated from the deep canal by a dam or sheet piles and on the landward 
side gradually sloping into an em bankm ent (Fig. 5.1; Boedeltje et al. 2001). They are 
connected to the canal by means of gaps in the wave breaking structure.
In such backwaters, the establishm ent of target com m unities consisting of rooted, 
subm erged plants, is inhibited around gaps in the dam  or sheet piles by boat-induced 
wave action (V erm aat & De Bruyne 1993). In less dynam ic parts of the backw aters, 
however, roo ted  subm erged p lan t species may becom e estab lished  (Interm ezzo 2). 
Nevertheless, their occurrence appears to be largely transien t m ainly because of high 
turb id ity  and sed im ent accum ulation (W illby & Eaton 1996; Boedeltje et al. 2001). 
Ultimately, a rapid succession towards dense, species-poor stands of Phragmites australis, 
Phalaris arundinacea and Glyceria maxima predom inates in this habitat.
grassland
backwater
emergent
sediment 
original soil
surface sediment (< 5 cm) 
subsediment (< 5 cm)
Figure 5.1 Schematic cross-section of the canal with a backwater (left). Behind steel sheet piles a 0.5­
1.0 m deep zone has been constructed that forms a potential habitat for rooted aquatic plants absent 
from a traditional steep bank (right). The positions of an aquatic plot (A) in which the aquatic 
vegetation and propagule bank were sampled, and a riparian plot (R) in which the bank vegetation 
was recorded, are indicated.
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In view of the im portan t role of roo ted  subm erged species in the  s tru c tu re  and 
functioning of freshwater ecosystems (Jeppesen et al. 1997), it is worthwhile to consider 
the creation of hab ita t conditions in canal backwaters tha t will be favourable for this 
group of species. Therefore, m easures to reduce turb id ity  and sed im entation  rates, 
cutting of dense reed stands and removal of accumulated anoxic sedim ents are required 
(Holmes & Hanbury 1995). Currently, sedim ent removal is being planned from 10-15 
year-old artificial backwaters along navigation canals in the Netherlands. The success of 
this restoration effort will depend both on the availability of diaspores of aquatic species 
through dispersal into this habitat and in the propagule bank (Harper 1977) and on the 
suitability of the habitat for the establishm ent of species. This chapter focuses on the 
potential importance of the propagule bank.
Nicholson & Keddy (1983), Grillas et al. (1993) and Bekker et al. (1999) have shown 
tha t the num ber of species and the num ber of seeds decline w ith depth in m arsh and 
lake sedim ents and dune slacks. Deeper sedim ent layers in backwaters m ight therefore 
no t contain viable propagule banks. In tha t case, preserving parts of surface sedim ent 
layers could be an option to encourage re-vegetation after dredging, provided that these 
layers actually contain the target species.
The present paper has two main objectives. The first is to examine the diversity and 
abundance of the propagule banks of surface sed im ent and subsed im ent layers in 
backw aters along the Tw entekanaal, the N etherlands, and to com pare the species 
composition of the propagule banks w ith the standing aquatic and riparian vegetation. 
The second is to predict seedling recruitm ent from the subsedim ent propagule bank and 
to com pare its po ten tia l flora w ith  the actual aquatic vegetation 2 m onths after 
experimental sediment removal.
Methods 
Study area
The study was conducted a t five sites in backw aters along the Tw entekanaal (65 km 
long, 40 to 60 m wide, 3.5 to 5.0 m deep) in the N etherlands (Table 5.1). These 
backwaters consist of unprotected slopes, which gradually change from dry land into 0.6­
1.0 m deep aquatic zones. Steel sheet piles, w hich rise 30 - 50 cm above w ater level, 
separate these zones from  the m ain w ater body (Fig. 5.1). However, each zone is 
connected to the canal via gaps in the sheet piles. The backwaters are eutrophic (nitrate­
N: 110-370 umol L-1; phosphate: 0.9-1.3 umol L-1), turbid (Secchi-depth between 40 and 
80 cm) and have a high total alkalinity (3.3 -  4.0 meq. L-1) (Boedeltje et al. 2001). The 
study sites along the canal represent all sections of shallow zones constructed in 1989, 
1994 and 1996, respectively (Table 5.1).
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Table 5.1 Characteristics of the backwaters at the study sites (1-5) and mean vegetation cover per 
site (n = 10). Different superscript letters in the same column indicate significant differences (P < 
0.05) of the mean cover and mean sediment thickness between the sites (ANOVA, followed by a 
Tukey-test). Mean sediment thickness and depth: n = 50 and 30, respectively, for each site. N.B. Site 
4 was dredged 1 year before the investigation started.
No Location Age
in
1999
Total
length
(km)
Original
basis
Mean
sediment
thickness
(cm)
Width
(m)
Mean
depth
(m)
Mean cover (%) of vegetation 
Free- Submerged Emergent 
floating
1 52°10' N 6°22' W 3 3.0 loam 2 .0a 5.0 0.8 0 .6a 17.5a 0 .0a
2 52°11' N 6°28' W 3 3.4 sand 2 .1a 8.0 0.5 1.0a 6 .3a 0 .0a
3 52°13' N 6°33' W 5 3.2 geotextile 5 .0 b 2.7 0.3 0 .6a 4 .1 a 22 .1b
4 52°19' N 6°37' W 10 3.6 sand 4.2ab 2.5 0.8 0 .9a 2 2 .1a 11.2ab
5 52°19' N 6°37' W 10 3.6 sand 10.7c 2.5 0.5 54 .4b 2 0 .1a 65 .4c
Sampling vegetation and propagule bank
In July and August 1998, the aquatic vegetation was recorded. A t each site, 10 plots (25 
m 2) were randomly selected and clearly marked. The m inim um  distance of any plot from 
the w ater’s edge was 1 m (Fig. 5.1). In June 1999, the riparian vegetation was analysed 
in a 25 x 1 m 2 plot (Fig. 5.1), bordering on each aquatic plot. Each plot was subdivided 
into 10 subplots of 2.5 m 2 and within each of these, the percentage cover of species was 
recorded. These data provided frequency values, ranging from 0 to 100 for each species 
w ithin a site, and cover percentages of individual species and vegetation layers (free­
floating, submerged, and emergent) for each plot.
In six out of ten plots (25 m 2) of site 5, the emergent aquatic vegetation was cut and 
the 7 to 15 cm thick sed im ent layers w ere rem oved by m echanical dredging in June 
1999. To prevent edge effects, these procedures were extended to 50 m from both sides 
of each plo t. In addition, the  riparian  vegetation was m ow n. To study  the po ten tia l 
recruitm ent of aquatic species from the subsedim ent propagule bank, the vegetation of 
these dredged plots was recorded again in August 1999.
In February 1999, propagule bank samples were taken and stored dark at 4 °C until 
the s ta rt of the germ ination experim ents in May 1999. From each aquatic plo t, two 
replicated com posite sam ples, com prising 5-15 cores (100 cm 2 x 20 cm) each, were 
taken using a Vrij-W it-auger (Van Duin 1992). The cores were divided into two layers: 
surface sedim ent and subsedim ent (Fig. 5.1). From the black coloured surface sediment, 
the upper layer (< 5 cm) was taken; the collected subsedim ent consisted of the original, 
grey, sandy soil (0 - 3 cm) and 2 cm of overlying sediment. From each pooled and mixed 
layer of a replicate, 1 L was extracted. A t site  3 only, the subsed im ent could n o t be 
collected, because geotextile (Ivens 1993) covered the original soil. Sampling per volume 
un it instead  of surface area was chosen, because of the w ide variation in sed im ent
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thickness betw een and w ith in  the study  sites. W e collected 180 sam ples of 1 L: 100 
consisting of surface sedim ent and 80 of subsedim ent. Propagule density is expressed as 
the num ber of propagules per L, or as the num ber of propagules per m 2 in a 1-mm thick 
layer for the subsedim ent. By using the m ean sed im ent th ickness (Table 5.1) it  is 
possible to estimate the propagule density of the sedim ent layer a t each study site.
The sam ples w ere trea ted  according to the seedling-em ergence technique of Ter 
Heerdt et al. (1996). First they were sieved (mesh w idth 0.212 mm) to remove fine soil 
m aterial and dead organic parts. Potentially  viable vegetative parts (tubers, turions, 
fronds), however, were kept in the samples. Next, they were spread out in a thin layer 
(<  5 mm) on trays filled with a m ixture of equal parts of sterilized sand and potting soil, 
covered with 1 cm of sterilized sand. The samples were set to germinate in a glasshouse 
under w aterlogged conditions (w ater level 0 - 1 cm below soil surface) for 16 weeks 
(Boedeltje et al. 2002). Air tem perature in the glasshouse was 25 °C or m ore between
06.00 and 21.00 hours (photoperiod) and 15 °C between 21.00 and 06.00 hours. Photon 
flux density  (PAR, 400-700 nm) was 400 ^ m o l/m 2 s -1 provided by grow th lam ps. 
However, during hot days the tem perature sometimes rose to 40 °C.
Seedlings were identified, counted and removed from the trays. All were identified to 
species w ith the exception of Callitriche, Juncus, Sa lix  and Typha seedlings, which were 
identified to genus because of their abundance and the difficulty of discriminating between 
species in the seedling stage. However, samples of these taxa were transplanted in potting 
soil to get an impression of species occurrence. Nomenclature follows Van der Meijden et 
al. (1996). Because of the huge num ber of Juncus seedlings (over 7,000 individuals per 
tray), they were estim ated by counting 1/4 of a tray and multiplying by 4, if necessary.
Checking 10% of the samples afterwards under a binocular microscope showed that 
only about 1% of Juncus spp. did no t germ inate. No viable propagules of o ther species 
were found. Species that produce spores or seeds < 0.212 m m  long, such as Equisetum  
species, w ere excluded from  the to tal data set, although they w ere p resen t in the 
vegetation.
Data analyses
Prior to statistical analyses, data were arcsin-square-root-transform ed (percentages) or 
log10-transformed (other data) whenever necessary to improve normality (Sokal & Rohlf 
1994). The over-all quantitative com parison of the propagule bank w ith the standing 
vegetation was based on a D etrended C orrespondence Analysis (DCA) applying 
CANOCO 4.0 (Ter Braak & Smilauer 1998). S0 rensen's index of sim ilarity (S0 rensen 
1948) was used to compare qualitatively the composition of the propagule bank to the 
standing aquatic and riparian  vegetation at each site. S im ilarity calculations were 
performed w ith Vegron 7.0 (Fresco et al. 2002). Differences in mean similarity, species 
and propagule num bers between surface and subsedim ent were examined using a nested 
one-way analysis o f variance. In the  analyses, perform ed w ith  the SPSS sta tistical 
package 1 1 .0 , the effect of soil layers (surface sedim ent and subsedim ent) was nested 
within sites.
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Results
Vegetation survey
W ithin  the aquatic vegetation, the records of sites 1 and 2 are clearly separated from 
those of the o ther sites in the D CA -ordination diagram  (Fig. 5.2). Sites 1 and 2 are 
characterized by the occurrence of C eratophyllum  demersum  and Potam ogeton pectina tus  
and the low abundance of em ergent species (Table 5.1; A ppendix 5.1). Site 2 differs 
from site  1 by the lower incidence of C allitriche spp., C. demersum  and Elodea n u tta llii. 
Site 3 had a low cover of em ergent (Phragm ites austra lis) vegetation (Table 5.1) w ith 
occasionally subm erged Callitriche spp. (Appendix 5.1). Site 4 tha t was dredged a year 
before the investigation started, had a sparse cover of emergent species with Potamogeton  
pusillus and Elodea nu tta llii frequently occurring in the submerged vegetation (Appendix
5.1). Site 5 had the highest cover of emergent and free-floating species (Table 5.1) with 
P hragm ites australis, Lem na minor, Spirodela p o lyrh iza  and Callitriche ob tusangula  as the 
dom inant species (Appendix 5.1).
W ithin the riparian vegetation, the records are poorly separated from each other in 
the D CA -ordination diagram  (Fig. 5.2). In general, th is vegetation is dom inated  by 
emergent aquatics (Phragmites australis, Phalaris arundinacea) and terrestrial species (e.g. 
Calystegia sepium, Cirsium arvense, Epilobium  hirsutum , Holcus mollis and Urtica dioica; see 
Appendix 5.1).
Diversity and abundance o f  the propagule banks
Overall, 113 p lan t species em erged from  the propagule bank sam ples. These plants 
represent free-floating, subm erged and em ergent aquatics and species of exposed mud 
and of various terrestrial habitats. Nine taxa accounted for 99% of the total num ber of 
272,126 germ inated propagules: Juncus spp. (88.04%), Lythrum  salicaria (7.07%), Lemna  
m inor (1.93% ), Spirodela po lyrh iza  (0.61% ), Urtica dioica  (0.52%), P hragm ites australis 
(0.21% ), E upa torium  cannabinum  (0.18% ), Typha  spp. (0.18% ), E pilob ium  h irsu tum  
(0.16%) and Callitriche spp. (0.15%). Apart from Callitriche spp., total propagule numbers 
of the submerged (target) species were low: Callitriche spp. (412), H ottonia  palustris (3), 
P otam ogeton  pec tin a tu s  (27), P otam ogeton  p usillu s  (2), Persicaria am phib ia  (3) and 
Ranunculus p e lta tu s  (1). The average num ber of species found in the surface sedim ent 
(10.8 to 17.8 L-1) was significantly higher than in the subsedim ent (8.5 to 10.2 L-1) and 
no site-related effect could be detected (Table 5.2). Aquatic species exclusively found in 
the surface sed im ent w ere C arex rem ota, M yoso tis  scorpioides, Veronica beccabunga, 
H ottonia  palustris, Potamogeton pusillus and Ranunculus peltatus.
The mean num ber of propagules per L sedim ent did not differ significantly between 
layers, but varied significantly between sites (Table 5.2, Appendix 5.1). However, several 
species present in both soil layers occurred in significantly higher num bers in the surface 
sedim ent com pared w ith the subsedim ent including Callitriche spp., Lycopus europaeus, 
Phalaris arundinacea, and Phragmites australis (Table 5.2, Appendix 5.1).
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Figure 5.2 DCA-ordination diagram for the first two axes showing the relative positions of the 
propagule bank records of the surface sediment layer together with the vegetation records, based on 
species frequencies, of the aquatic vegetation and the riparian vegetation of the five study sites. Each 
symbol of the propagule bank records represents the two added replicates of a single plot. Symbols of 
the vegetation represent the ten plots of each study site. The eigenvalues of the axes 1 and 2 are 0.63 
and 0.22, respectively. The results of ordination the records from the subsediment propagule bank 
and the vegetation gave a similar diagram (results not shown).
Relationship between propagule bank and vegetation
The DCA-ordination diagram (Fig. 5.2) shows tha t the vegetation and propagule bank 
are clearly separated along axes 1 and 2. It m eans tha t there was low correspondence 
betw een the species com position of the propagule bank and the vegetation. Mean 
S0 rensen’s similarity between the species composition of the surface propagule bank and 
the aquatic vegetation (10.9 ± 0.6% SE) was significantly (X2-test, P < 0.05) lower than 
between this propagule bank and the riparian vegetation (20.8% ± 0.9 SE). Neither site 
nor layer effect could be detected on mean similarity between vegetation and propagule 
banks (Table 5.2).
No seedlings w ere found of Elodea n u tta llii , C era tophyllum  dem ersum , A egopodium  
podagraria, A n th riscu s sylvestris, C alystegia sepium , G alium  aparine, E ly trig ia  repens and 
Rubus spp., despite their high abundances in the vegetation. Several species were more 
abundant in the vegetation than in the propagule bank (Appendix 5.1). A few species, 
such as Juncus spp., Lythrum  salicaria and Typha  spp., were much m ore abundant in the 
propagule bank than in the vegetation. Several other species, such as A trip lex  prostrata, 
Chenopodium rubrum, Hydrocotyle vulgaris, Isolepsis setacea and Gnaphalium uliginosum , were 
present in the propagule bank and not in the vegetation.
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Table 5.2 Summary of F-values from nested ANOVAS for mean number of species and propagules L-1, 
for mean S0rensen’s similarity between species composition of the surface sediment propagule bank 
(p.b.) and vegetation and for species that showed significant differences between sites or layers 
(surface sediment and subsediment). Main effects are site and layer within site. Significant values are 
indicated in bold.
Site Layer within site Residual
SS d.f. P SS d.f. P SS d.f.
Mean number of species L-1 95.6 3 0.852 492 4 0.000 1515 152
Mean number of propagules L-1 3.45 x108 3 0.007 2.26 x 107 4 0.075 3.96 x108 152
Mean similarity (p.b.-aquatic veg) 193 3 0.418 215 4 0.061 1635 72
Mean similarity (p.b.-riparian veg) 72.6 3 0.675 176 4 0.298 2535 72
Agrostis stolonifera 0.55 3 0.893 3.7 4 0.035 20.4 61
Alisma plantago-aquatica 91.1 2 0.045 13.1 3 0.588 413 61
Artemisia vulgaris 6.4 3 0.801 25.2 4 0.035 156 68
Callitriche spp. 966 3 0.274 684 4 0.003 4237 108
Eupatorium cannabinum 432 3 0.383 434 4 0.001 2547 124
Juncus  spp. 2.78 x108 3 0.003 1.17 x107 4 0.294 3.56 x109 152
Lemna minor 0.29 x106 3 0.032 44454 4 0.651 2.16 x 106 120
Lycopus europaeus 66.1 3 0.308 52.5 4 0.006 443 128
Lythrum salicaria 2.25 x106 3 0.300 1.74 x106 4 0.000 1.02 x 107 128
Phalaris arundinacea 24.8 3 0.533 38.8 4 0.012 80.8 32
Phragmites australis 188 3 0.586 344 4 0.000 835 128
Ranunculus sceleratus 163 3 0.042 29.7 4 0.535 1320 140
Spirodela polyrhiza 37587 3 0.015 3715 4 0.554 87931 72
Urtica dioica 1025 3 0.545 1657 4 0.000 8525 152
Predicted and actual vegetation after sediment removal
Three m onths before the rem oval of the surface sed im ent layer, the subsedim ent 
propagule bank of site 5 consisted of subm erged, free-floating and em ergent aquatics, 
m ud-dw elling species and terrestria l p lants (Table 5.3). In view of their germ ination 
requirements, we predicted that only submerged, free-floating and some of the emergent 
species would be able to establish from the propagule bank under 60 - 1 0 0  cm water, the 
depth of the dredged area (Table 5.3). Moreover, we predicted the establishm ent from 
vegetative parts for species that occurred abundantly in the standing aquatic vegetation 
before dredging, such as Callitriche spp., E lodea n u tta lli, P halaris arundinacea  and 
Phragmites australis (Table 5.3).
Two m onths after dredging, 10 species had become established in the aquatic plots at 
low densities (Table 5.3). Elodea n u tta llii, Phalaris arundinacea  and Phragm ites australis 
were vegetative rem nants of the form er vegetation. Except for Potam ogeton pusillus and 
B utom us um b ella tu s , all o ther species w ere previously found in the  subsedim ent 
propagule bank. Mud-dwelling and terrestrial species were lacking, as was expected.
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Discussion
Diversity and abundance o f the propagule bank
The propagule bank of backwaters along the Twentekanaal (113 plant species from 180 
samples) is much more diverse than that of other aquatic soils investigated. Ivens (1994) 
recorded 33 species in the upper 5 cm of emerged soils of backwaters along canals and 
rivers. In the seed banks of prairie glacial m arshes 29 to 45 species were found (Van der 
Valk & Davis 1978, 1979), in those of freshw ater riverine sw am ps 59 (Schneider & 
Sharitz 1986), of lakeshores 41 (Keddy & Reznicek, 1982), of lake sedim ents 12 (De 
W inton et al. 2000), of floating fens 48 (Van der Valk & Verhoeven 1988), of freshwater 
tidal w etlands 55 (Leck & Sim pson 1987) and of cut-off channels along rivers 17 
(Combroux et al. 2001). However, it should be noted that it is difficult to make absolute 
comparisons between our data and the results of other propagule bank studies because 
of differences in methodology (hydrological regime and handling of sam ples). Possible 
explanations for the species-richness of the propagule banks in our study are: ( 1 ) the 
proximity of species-rich riparian vegetation as a diaspore source; (2 ) species-rich drift 
material entering the backwaters from the main canal (Chapter 4); and (3) the use of the 
improved seedling-emergence m ethod of Ter Heerdt et al. (1996).
Despite the overall species-richness, the num bers of individuals of submerged target 
species (e.g. Potam ogeton  spp.) in the propagule banks were extremely low. No sexual 
reproduction was observed (Boedeltje, unpublished data) in submerged species, such as 
Ceratophyllum  demersum, M yriophyllum  spicatum , and Potam ogeton pectinatus, which may 
account for the absence of seedlings of these species. Tubers mainly accounted for the 
appearance of Potamogeton pectinatus. However, the density of tubers of this species was 
low compared with that in other areas (Van Wijk 1989).
Based on mean emergence from the samples, propagule density ranged from 3,500 
m -2 in 2-cm thick sed im ent of 3-year-old p lots (site 1), to 33,300 m -2 in 5-cm thick 
sed im ent of the 5-year-old p lots (site 3), to 320,900 m -2 in 10-cm thick sed im ent of 
undredged, 10-year-old plots (site 5). The num bers in the oldest zones are among the 
highest recorded in aquatic soils (c.f. Van der Valk & Verhoeven 1988; Leck 1989; Bonis 
et al. 1995). Similarly to other studies (Van der Valk & Davis 1979; Bekker et al. 1999), 
species num bers decreased with depth. Although the total num ber of propagules did not 
significantly decline w ith depth, as was observed in other studies (Nicholson & Keddy 
1983; Leck & Simpson 1987; Grillas et al. 1993), several species had significantly larger 
num bers of propagules in the surface sedim ent when compared w ith the subsediment.
Relationship between propagule bank and vegetation
The small overlap in vegetation and propagule bank agrees w ith the findings in previous 
studies in (tidal) wetlands (Smith & Kadlec 1983; Leck & Simpson 1987; Van der Valk 
& Verhoeven 1988; Skoglund & H ytteborn 1990; W ilson et al. 1993; Com broux et al. 
2001). In other wetland studies (Keddy & Reznicek 1982; Leck & Simpson 1987; Grillas 
et al. 1993), on the o ther hand, a close correspondence betw een propagule bank and
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Table 5.3 Mean species frequency and cover percentage in the vegetation and species composition of 
the subsediment propagule bank of six 1 0 -year-old aquatic plots of 2 5  m2 before dredging; possible 
germination/establishment from this propagule bank or from remaining vegetation in shallow (1-20 
cm) and deep (60-100 cm) water and predicted and observed aquatic vegetation composition 2 
months after dredging the plots.
Column for possibility of germination or establishment: blank = not documented; (+) = possible; (-) 
= not possible. Column for predicted presence: blank = absent; x = present; ? = uncertain, because 
of low density or frequency.
Classification and species Mean species Mean number Possibility of germination Predicted presen- Observed mean
frequency (f) 
and cover %  
(c%) per plot 
one year before 
dredging
c%
of propagules from the propagule bank (p) ce in the plots, species
in a 1-mm 
thick layer per 
plot in the 
subsediment 
propagule bank
or establishment from 
remaining parts of the 
standing vegetation (v) 
according to references
in shallow water in deep water
2  months after 
dredging based 
on development 
from the propa- 
gule bank (p) or 
from vegetative 
parts (v)
frequency (f) 
and cover % 
(c%) per plot, 2 
months after 
dredging
f c%
SUBM ERGED AQUATICS
Callitriche obtusangula 22 4 90
Elodea nuttallii 25 1 0
Potamogeton pusillus 0 0 0
FREE-FLOATING AQUATICS
Lemna minor 57 11 3452
Lemna trisulca 18 4 46
Spirodela polyrhiza 52 54 502
EMERGENT AQUATICS
Alisma plantago-aquatica 2 <1 2
Carex acuta 15 2 8
Butomus umbellatus 0 0 0
Epilobium hirsutum 5 <1 10
Eupatorium cannabinum 2 <1 46
Glyceria maxima 8 2 0
Hydrocotyle vulgaris 0 0 2
Iris pseudacorus 2 <1 0
Lycopus europaeus 10 <1 25
Lysimachia vulgaris 2 <1 0
Lythrum salicaria 3 <1 3290
Mentha aquatica 8 <1 0
Phalaris arundinacea 72 15 0
Phragmites australis 100 46 25
Poa palustris 0 0 2
Rorippa amphibia 3 <1 0
Schoenoplectus lacustris 2 <1 0
Typha latifolia 2 <1 67
Scirpus sylvaticus 0 0 4
MUD-DWELLING SPECIES
Ranunculus sceleratus 0 0 23
Veronica catenata 0 0 2
Bidens frondosa 0 0 2
Agrostis stolonifera 0 0 2
(+ ): 2v 3F (+ ): 2v x (p+v) 43 4
(+ ): 2v 6v (+ ): 6v x  (v) 37 13
(+ ): 1v 12p 13 <1
(+ ): 17
(+ ): 14v 18v (+ ): 14v x (v) 78 3
(+ ): 14v 18v (+ ): 14v x (v) 43 2
(+ ): 13v 14v (+ ): 14v x (v) 35 <1
(+ ): 17
(+ ): 8p 11p 15p 2 <1
(+ ): 15p 0 0
(+ ): 11p 2 <1
0 0
0 0
(+ ): 2v ?  (v) 0 0
0 0
( - ) :  7 p 0 0
0 0
0 0
(+ ): 3p 0 0
(+ ): 1v 0 0
(+ ): 2v 7p 15p x (v) 2 <1
(+ ): 2v ( - ) :  7 p x (v) 65 3
(+ ): 15p 0 0
(+ ): 2v 0 0
(+ ): 7p 0 0
(+ ): 7 p 9 p 16p 0 0
0 0
( - ) :  5p 7p
0 0
0 0
0 0
0 0
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Classification and species Mean species Mean number Possibility of germination Predicted presen- Observed mean
frequency (f) 
and cover % 
(c%) per plot 
one year before 
dredging
c%
of propagules from the propagule bank (p) ce in the plots, s pecies
in a 1-mm 
thick layer per 
plot in the 
subsediment 
propagule bank
or establishment from 
remaining parts of the 
standing vegetation (v) 
according to references
in shallow water in deep water
2 months after 
dredging based 
on development 
from the propa- 
gule bank (p) or 
from vegetative 
parts (v)
frequency (f) 
and cover % 
(c %) per plot, 2 
months after 
dredging
f c%
TERRESTRIAL SPEC IES ( - ) :  5 p 7 p
Calystegia sepium 43 3 0 0 0
Juncus spp. 0 0 76204 (+ ): 3p 1p 0 0
Alnus glutinosa 0 0 4 0 0
Chamerion angustifolium 0 0 2 0 0
Conyza canadensis 0 0 2 ( - ) :  5 p 0 0
Epilobium tetragonum 0 0 8 0 0
Holcus lanatus 0 0 2 ( - ) :  5 p 0 0
Plantago major 0 0 2 0 0
Polygonum aviculare 0 0 2 ( - ) :  5 p 0 0
Rum ex crispus 0 0 4 ( - ) :  5 p 0 0
Rum ex obtusifolius 0 0 2 0 0
Salix spp. 0 0 35 0 0
Solanum dulcamara 3 <1 0 (+ ): 10p 0 0
Scrophularia nodosa 0 0 2 0 0
Tanacetum vulgare 0 0 23 0 0
Urtica dioica 0 0 148 0 0
References: 1: Barrat-Segretain e t al. (1999); 2 : Boedeltje (unpublished); 3 : Boedeltje et al. (2002); 4 : Brock et al. (1989); 5: Casanova 
& Brock (2001); 6 : Cook & Urmi-König (1985); 7 : Coops & Van der Velde (19 95 ); 8 : Keddy & Ellis (19 85 ); 9: Leck & Simpson (1987); 
10: Morinaga (1926 ); 11: Muenscher (1936a); 12: Muenscher (1936b); 13: Perry (19 68); 14: Preston & Croft (19 97); 15: Skoglund 
& Hytteborn (19 90 ); 16: Smith & Kadlec (19 83); 17: Van der Valk (19 81 ); 18: Van der Valk & Davis (1978).
vegetation was observed. The low similarity between the entire propagule bank and the 
established vegetation found in this study may be the resu lt of a variety of factors, of 
which five are briefly discussed.
Firstly, for som e species th a t were locally abundan t in the aquatic vegetation and 
absen t from  the propagule bank, seed production  was lacking or no t observed: 
C eratophyllum  dem ersum , E lodea n u tta llii , M yriophy llum  sp ica tu m , and P otam ogeton  
pectinatus. This observation agrees w ith the results of W estcott et al. (1997) who found 
th a t C eratophyllum  dem ersum  and P otam ogeton  spp. w ere rare as seeds, desp ite  their 
common occurrence in the established vegetation.
Secondly, some species including Aegopodium podagraria, Filipendula ulmaria and Vicia 
cracca th a t were frequently found in the  riparian vegetation, do no t form a persisten t 
seed bank (Thompson et al. 1997).
A third factor m ight be connected with dispersal and buoyancy of seeds. The riparian 
vegetation was recorded in a strip  of 1 m wide. Therefore, the probability is relatively 
small that seeds of species occurring in the upper part of this area (e.g. A rrhenatherum  
elatius, R ubus caesius, Festuca rubra  reach the w ater body and, subsequently , the
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propagule bank. M oreover, seeds of com m on riparian species, such as A egopodium  
podagraria, A ngelica  sylvestris  and E lytrig ia  repens, im m ediately sink w hen released on 
w ater (Chapter 3 and 4). In contrast, the seeds of o ther species (e.g. Calystegia sepium  
and Iris pseudacorus can float for m ore than 4 m onths (Chapter 3 and 4) and m ight be 
dispersed into the main body of the canal, eaten by waterfowl, or deposited w ith drift 
material into emergent bank vegetation before they sink to the sedim ent (cf. Skoglund & 
H ytteborn 1990). Diaspore dispersal from other areas into the canal and subsequently 
into backwaters m ight have influenced the com position of the propagule bank as well 
(Van der Valk & Davis 1979; Chapter 4).
Fourthly, only a sm all p roportion  of the  propagule banks could be sam pled and 
propagules of less common species were probably missed, in particular because strong 
horizontal micro-variations in propagule density in aquatic habitats can occur (Grillas et 
al. 1993; Bonis et al. 1995).
Fifthly, some species, although rare in the vegetation, produce num erous long-living 
seeds. For example, Lythrum  salicaria  was the second m ost abundant species in the 
propagule banks, bu t m ature plants were absent at site 1  and 2  and uncom m on at the 
other sites. Thom pson et al. (1987) estim ated the mean num ber of seeds produced per 
plant at 2,700,000. Moreover, these seeds appear to be persistent (Thompson et al. 1997).
P oten tia l role o f  propagule banks in the establishm ent o f  diverse submerged 
aquatic vegetation
Because of the presence of only few submerged species and their low propagule density 
in the samples, we conclude that subsedim ent propagule banks in backwaters along the 
Tw entekanaal cannot play a significant role in the (re-) estab lishm ent of diverse 
subm erged vegetation after sed im ent rem oval. A lthough som e subm erged species 
(Potam ogeton pusillus, H o tton ia  palustris and R anunculus pelta tus) were restricted to the 
surface sediment, their propagule densities were so low that it is similarly unlikely that 
this layer can contribute to the development of diverse submerged vegetation. Emergent 
aquatics, m ud-dw elling and terrestria l species, w hich are m ajor com ponents of the 
propagule banks, will emerge only under low-water level conditions (Van der Valk 1981; 
Brock & Casanova 1997; Keddy 2000; Casanova & Brock 2001; Smith et al. 2002). In 
navigation canals, no water level fluctuations are allowed and therefore these conditions 
are only m et in a narrow zone at the water line. Especially after creation of bare sites as a 
result of cutting and dredging, propagule banks may contribute to the developm ent of 
species-rich em ergent vegetation in these transition  zones, as was observed along the 
dredged aquatic plots (results no t show n). W hen comparing the propagule bank w ith 
the actual vegetation 2 m onths after sedim ent removal (Table 5.3), we assum ed that 
d ispersal had no t occurred. N evertheless, dispersal m ight have accounted for the 
establishm ent of P otam ogeton pusillus and B utom us um bellatus, which were both absent 
from the propagule bank. Under favourable habitat conditions, dispersal of diaspores into 
the backwaters can lead to further establishment of aquatic species over the forthcoming 
years.
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102 Appendix 5.1 Total propagule numbers in each sediment layer, species’ frequency in the vegetation and propagule bank characteristics of the sites. 
Number of replicates (of 1 L) for each site is 20 for propagule bank analysis and 10 for vegetation. The subsediment could not be studied at site 3 
(geotextile). Different superscript letters in the same row indicate significant differences (P < 0.05) of the mean frequency per species (group) 
between sites tested for each vegetation (ANOVA, followed by a Tukey-test). If no superscript letters are indicated in a vegetation row, no test was 
performed because of low numbers. Aquatic species were included in the table if cumulative propagule numbers were > 20 in one layer. If the 
numbers in both layers were < 20, an aquatic species was nevertheless included if cumulative frequency in the vegetation was > 50. For other 
species these numbers were 50 and 150, respectively. The complete list is available at GB.
Species, characteristics Propagules in surface sediment Propagules in subsediment Water vegetation frequency Riparian vegetation frequency
Study site 1 2 3 4 5 1 2 4 5 1 2 3 4 5 1 2 3 4 5
FREE-FLOATING AQUATICS
Lemna minor 299 106 108 393 1513 8 131 25 2662 2 3 a 85 b 27 a 6 7 ab 7 1 ab 0 0 0 0 0
Lemna trisulca 0 0 0 55 18 0 0 39 28 3 a 10 3b 2 a 57 b 22 ab 0 0 0 0 0
Spirodela polyrhiza 2 33 40 147 840 15 10 21 548 3 a 62 b 2 a 4 0 ab 65 b 0 0 0 0 0
SUBM ERGED AQUATICS
Callitriche  spp. 23 5 29 63 208 8 3 10 63 57 bc: l a 66 c: 2 9 ab 30 abc: 0 a o a 0 a 6 a 36 b
Ceratophyllum demersum 0 0 0 0 0 0 0 0 0 4 6 c: 16 b 1 a 0 a 0 a 0 0 0 0 0
Elodea nuttallii 0 0 0 0 0 0 0 0 0 8 6 c: 2 1 ab 9 a 66 bc: 1 8 a 0 0 0 0 0
Persicaria amphibia 1 0 0 0 0 0 2 0 0 0 0 5 1 0 2 0 a 6 a 2 0 a 1 8 a 3 a
Potamogeton pectinatus 4 3 1 0 0 8 11 0 0 8 ab 20 b 0 a 0 a 0 a 0 0 0 0 0
Potamogeton pusillus 0 0 0 1 1 0 0 0 0 5 a 2 a 2 a 49 b 12 ab 0 0 0 0 0
EMERGENT AQUATICS 
Alisma plantago-aquatica 3 0 21 22 29 5 0 11 18 0 a l a 14 bc: 2 3 c: I  ab 4 a l a 3 a 2 3 b 2 1 b
Carex acuta 0 0 1 4 19 0 0 1 16 0 a 0 a 2 a l a 14 b l a o a 10a 1 3 ab 4 8 b
Epilobium hirsutum 58 53 204 22 39 22 20 1 5 0 0 2 0 3 6 7 b 7 8 b 2 6 a 2 0 a 2 2 a
Eupatorium cannabinum 5 13 178 72 156 3 5 28 33 0 0 0 0 1 1 9 a 3 6 a 7 0 b 49 ab 77 b
Lythrum salicaria 44 22 1580 10329 3280 17 10 2129 1831 0 0 4 16 3 6 a 5 a 4 1 b 79 D 63 b
Iris pseudacorus 0 0 0 3 0 0 0 1 0 0 0 0 1 1 12 : l a y  ab 3 0 c: 19 he
Lycopus europaeus 12 7 29 30 54 7 7 8 18 0 a 0 a 0 a 0 a 9 b 34 a te 2 8 ab 2 8 a 5 0 bc: 72 c
Myosotis scorpioides 1 2 0 0 1 0 0 0 0 0 0 1 0 0 2 a 19 D 10a 6 a 25 b
Phalaris arundinacea 4 2 7 11 19 1 1 4 2 0 a o a 4 a 8 a 56 b 4 8 a 5 7 a 3 3 a 5 1 a 6 6 a
Phragmites australis 19 14 298 116 65 3 15 16 16 o a o a 93 bc: 83  b 100 c: 9 3 a 9 6 a 100a 100a 99 a
Scirpus sylvaticus 3 0 11 44 20 2 0 18 24 0 0 0 0 0 3 0 3 9 15
Typha spp. 7 1 22 213 121 11 2 69 45 0 0 1 4 13 0 a 0 a 4 ab 10 b 8 ab
Veronica beccabunga 0 0 45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MUD-DWELLING AND TERRESTRIAL SPECIES 
Aegopodium podagraria 0 0 0 0 0 0 0 0 0
Artemisia vulgaris 9 4 13 17 15 1 2 1 4
Calystegia sepium 0 0 0 0 0 0 0 0 0
Cirsium arvense 0 2 6 1 0 2 0 0 0
Elytrigia repens 0 0 0 0 0 0 0 0 0
Epilobium c i lia turn 7 10 8 2 6 9 11 2 3
Epilobium tetragon urn 17 13 11 6 2 7 15 1 16
Holcus mollis 0 0 1 1 1 0 0 0 0
Juncus  spp. 2616 3382 9996 57815 63795 1106 2444 39265 59139
Poa trivialis 4 20 43 12 3 5 11 4 0
Ranunculus sceleratus 80 17 18 14 12 54 36 15 14
Rorippa palustris 41 19 10 6 3 26 58 2 3
Rum ex crispus 43 0 7 0 3 11 1 4 2
Tanacetum vulgare 2 2 26 17 36 0 1 3 11
Urtica dioica 85 56 402 255 265 103 70 68 104
Mean no. of species p lo t1 
PROPAGULE BANK CHARACTERISTICS
Mean no. of species L"1 13.1 10 .8  17 .8  13 .9  12.5 8 .7 8 .5  9 .4  10.
Mean no. of propagules L"1 177 198 666 38 74 3209 76 148 2323 2940
Total emerged propagules 3545 3 9 48 13312 69742 70605 1522 2974 41807 64671
0 0 0 0 0 2 g b 10 a 5 2 b 5 0 b 70 b
0 0 0 0 0 27 ab 5 a 5 a 9 a 45 b
o a 0 a 9 ab 4 a 30 b 7 7 a 8 3 ab 100b 9 8 b 9 5 ab
0 0 0 0 0 74 b 5 1 ab 2 5 a 49  ab 3 5 ab
0 0 0 0 0 7 3 b 4 3 ab 3 3 ab 40 a b 3 4 a
0 0 0 0 0 0 0 0 0 6
0 0 0 0 0 0 a 13 b 0 a o a 0 a
0 0 0 0 0 4 7 b 46 b 1 4 a 6 7 b 2 6 ab
0 0 0 0 0 5 5 ab 6 3 ab 2 4 a 5 8 ab 4 8 ab
0 0 0 0 0 7 5 b 6 7 ab 4 2 a 41 a 5 6 a
0 0 0 0 0 l a 0 a 0 a 10ab 2 4 b
0 0 0 0 0 0 0 0 0 5
0 0 0 0 0 11 b 2 ab 0 a 4 ab 15 b
0 0 0 0 0 9 a 9 a 1 4 ab 12ab 2 0 ab
0 0 0 0 0 3 9 a 44 a 8 6 b 68 ab 86 b
7.0 ab 5 .8 a 7 .3 ab 9 .4  b 9 .4 b 3 9 .7 bc 3 5 .2 ab 3 0 .8 a 4 1 .0 bc: 4 8 .3
Aerial photograph of a part of the Twentekanaal where a stream 
(Bolksbeek) discharges into the canal.
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Establishment in relation 
to abiotic conditions
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The transition zone between water and land of a backwater.
Seedlings of Tephroseris palustris emerged from samples collected from 
the water layer of the Twentekanaal. It was found in the vegetation 
for only 1  year.
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Intermezzo 2 The environmental sieve
Colonization and initial succession in backwaters
In 1997, one year after the construction  of backw aters along the w estern  part of the 
Twentekanaal, the potential occurrence of aquatic plant species was assessed in 70 sites 
(75 x 3 m). In 20 sites, no submerged plant species were found. In the 50 other sites, a 
total of 15 submerged plant species was observed (Table i2.1) whereas on average 4.0 ± 
1.2 (SE) submerged species per site were present. Callitriche spp. (C. obtusangula and C. 
pla tycarpa) and Elodea n u tta ll ii w ere the predom inan t plants, bu t also Chara vulgaris, 
P otam ogeton pectinatus, P. natans, P. crispus and P. lucens were frequently found (Table 
i2.1). The subm erged vegetation covered on average 9.3 ± 5.4% of the underw ater 
bottom, bu t emergent and free-floating vegetation were scarce (Fig. i2.1A).
The subsequent changes in vegetation cover and species composition of six sites have 
been m onitored  for a fu rther 4 years (Fig. i2.1). In these sites, the m ean cover of 
subm erged species fell to only 2% in 1998 and this low abundance persisted until the 
end of the observation period (Fig. i2.1A). Figure i2.1B show s th a t of the five m ost 
num erous species occurring in the  early colonization phase, C hara vulgaris  and 
Potam ogeton natans declined and eventually disappeared from the backwaters. This was 
also observed for o ther less frequently  established subm erged species, such as
Table i2.1 The proportion of sites (75 x 3 m) colonized by one or more rooted submerged species in 
1997, one year after the construction of backwaters along the western part of the Twentekanaal. 
Data from Boedeltje & Klutman (1998).
Species Proportion of sites colonized (n = 70)
All submerged species 0.714
Callitriche spp. 0.629
Elodea nuttallii 0.614
Chara vulgaris 0.414
Potamogeton pectinatus 0.314
Potamogeton natans 0.271
Potamogeton crispus 0.243
Potamogeton lucens 0.229
Myriophyllum spicatum 0.171
Potamogeton pusillus 0.114
Potamogeton trichoides 0.086
Nuphar lutea 0.043
Nymphoides peltata 0.029
Ranunculus circinatus 0.029
Potamogeton perfoliatus 0.014
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•  submerged
♦  emergent 
a  free-floating
•  Callitriche spp.
A  Elodea nuttallii
O  Potamogeton pectinatus
o  Chara vulgaris
♦  Potamogeton natans 
a  Nuphar lutea
Figure i2.1 The vegetation cover of submerged, emergent and free-floating species in backwater sites 
of 75 x 3 m (A) and the frequency of occurrence of the six most numerous rooted submerged and 
floating-leaved species within these sites (B) between 1997 and 2001. Means are given with their 
standard error (n = 6). The situation in 1997 is 1 year after finishing the construction of backwaters. 
For the sake of clarity, the error bars in the B-diagram were omitted.
M yriophy llum  spicatum , P otam ogeton  crispus and P. perfo lia tu s. On the o ther hand, 
Callitriche spp., Elodea nu tta llii and Potam ogeton pectinatus persisted to the end of the 5- 
year period (Fig. i2.1B). N u p h a r lu tea  established in the  second year of vegetation 
development and its frequency of occurrence subsequently increased (Fig. i2.1B). These 
observations clearly indicated  th a t the backw ater environm ent acts like a sieve 
perm itting the establishm ent of only certain submerged species at any given time.
From 1998 onwards, the em ergent p lant populations which had established in the 
transition zone between water and land, expanded into the open water zone. At the end 
of the 5-year period, the emergent vegetation covered on average 45% of the open water 
(Fig. i2.1A) with Phragmites australis as the predom inant species. The abundance of free­
floating and subm erged rootless plants, on the other hand, did no t increase during the 
observation period (Fig. i2.1A).
These results are in agreement with the findings in canal-connected backwaters along 
the eastern  part of the Tw entekanaal w here a dense subm erged vegetation including 
Chara vulgaris, C. globularis, Potamogeton alpinus, P. perfoliatus and M yriophyllum  spicatum  
declined w ithin two years after its establishm ent (Boedeltje & Klutman 1997; 1998). 
Sim ilar resu lts w ere obtained in o ther field stud ies in backw aters along navigated 
waterways (RWS Noord-Brabant & RIN 1997; De la Haye 1997).
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Dominance of submerged species such as Chara vulgaris, Elodea nu tta llii and Potamogeton  
pusillus was also observed in relatively young lakes w ith sandy soils in floodplains along 
the Lower Rhine (Van Geest et al. 2005). Similarly, these species were absent from older 
floodplain lakes in which thick layers of clay sedim ents prevailed and where nymphaeids 
such as N uphar lutea dominated.
Figure i2.2 Callitriche obtusangula is one of the submerged species that colonized backwaters along the 
Twentekanaal. It persisted in low densities to the end of the observation period (1997-2001).
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A backwater along the Twentekanaal in the first year after construction (above) and the same location 2 
years later (below).
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and change in relation to environmental 
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Abstract
In recent decades, shallow zones (or backwaters) have been constructed along navigation 
canals in the Netherlands which form a potential new habitat for rooted submerged and 
emergent aquatic plants absent from traditional canals. The aim of this study was to examine 
the relationships between the aquatic plant vegetation that becomes established and the 
physical and chemical characteristics of water and sediment, in order to find the 
determinants of species composition and the changes therein. Data were collected in 1998 
and 1999 from 80 plots in bank zones of varying ages along two eutrophic navigation canals. 
Plots 3-5 years old were partly dominated by rooted submerged species, such as Potamogeton 
pectinatus, Elodea nu tta llii and Potamogeton pusillus. Locally free floating species occurred, 
such as Ceratophyllum  demersum, Lemna m inor and Spirodela po lyrh iza . Older plots were 
dom inated by Phragmites australis, locally mixed with free floating species. Hydrological 
isolation from the canals was indicated by the presence of Chara vulgaris. Characteristics of 
both water layer and sediment could explain the variation in vegetation composition. Rooted 
submerged species predominantly occurred in clear-water sites with a thin (< 2  cm) layer of 
muddy sedim ent containing relatively low concentrations of organic matter; moreover, 
ammonium concentrations in the water layer and sediment pore water were relatively low. 
Stands with dominance of free floating species and Phragmites australis, on the other hand, 
were characterised by relatively thick layers of accumulated sediment with high pore water 
ammonium concentrations. Although submerged species persist for a relatively short period 
of time in canal-connected backwaters, such shallow zones nevertheless function as a habitat 
for em ergent plant com m unities and contribute to a higher aquatic biodiversity than is 
associated with traditional banks along navigation canals.
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Introduction
Until about 15 years ago, rooted subm erged aquatic plants such as Potamogeton species 
seldom occurred in intensively navigated canals in western Europe (Haslam 1987). Boat- 
induced turbulence damaged or uprooted aquatic plants. Sediment was regularly stirred 
up, causing high turbidity and consequently reducing the light required for the growth of 
subm erged species (Haslam 1978, 1987; M urphy & Eaton 1983; M urphy et al., 1995). 
Along the banks shallow zones were lacking because of the artificially sharp transition 
betw een w ater and land. In view of the  ex ten t of the netw ork  of canals and their 
po ten tia l role as corridors for aquatic organism s (Form an 1995), it is im portan t to 
consider the  possibilities of this vast netw ork for the m aintenance and restoration of 
aquatic biodiversity.
Since 1983, a po ten tia l new  hab ita t for roo ted  aquatic p lants and o ther form s of 
aquatic life has been created along several navigation canals in the N etherlands. This 
habitat consists of shallow water zones, partly or fully separated from the deep canal by 
w ave-breaking s truc tu res and on the landw ard side gradually sloping in to  an 
unpro tected  em bankm ent. Banks of canals thus have becom e an in tegral p art of the 
water system (CUR 2000). The target state for these bank zones has been described as a 
gradual transition from open w ater w ith subm erged vegetation, via swamp vegetation 
dom inated by emergent species to dryer zones w ith grassland and woodland.
Rooted submerged plants are an im portant com ponent of shallow aquatic ecosystems 
because of the role they play in the structure and functioning of freshwater ecosystems 
(Jeppesen et al. 1997). They increase the diversity of habita ts and resources for 
m acroinvertebrates and fishes, reduce the susceptibility of m acroinvertebrates to fish 
predators and reduce the vulnerability  of prey fish to piscivores (Diehl & Kornijów
1997). They also influence w ater m ovem ents and sedim entation, and affect chemical 
characteristics of water and sedim ent (Carpenter and Lodge 1986). Moreover, they can 
play a role in w ater purification (Seidal 1976) and in im proving the ligh t clim ate by 
enhancing the w ater transparency (Scheffer et al. 1994). Hence, the sta tu s  of the 
subm erged vegetation is an im portant indicator of the condition of aquatic ecosystems 
(Haslam 1978).
The results of m onitoring the first shallow bank zones created showed that emergent 
vegetation quickly established in the transition  zone betw een w ater and land (data 
published in local reports; CUR 1999). However, the im portant rooted submerged plants 
estab lished  in fewer than 40%  of the bank zones and, m oreover, the ir occurrence 
appeared to be partly transient (see Interm ezzo 2). Two hypotheses may explain these 
observations: (i) propagules of these species did no t reach (at least parts of) the new 
habitat; and (ii) the habitat conditions for rooted submerged species are not suitable or 
are only so for a short period of time. This chapter addresses the second hypothesis by 
analysing the relationsh ip  betw een species occurrence, species life-form s and 
environm ental characteristics of the habitats along these modified banks. This chapter 
also explores w hether these relationships are dependent on the age of bank modification
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and the degree of iso lation from  the m ain body of the  canal, and identifies possible 
constraints in habitat conditions for the presence of rooted submerged plants.
Materials and methods 
Study areas
The study areas comprise two navigation canals in the Netherlands, representative of the 
new m ethod of ecological engineering: the Twentekanaal (52o10 ' N, 6o2 0 ' E) and the 
Zuid-W illemsvaart (51°38' N, 5o3 0 ' E). The Twentekanaal (65 km long, 50-60 m wide 
and 3-5 m deep) was dug between 1930 and 1938 and it connects industrial centres in 
the eastern part of the N etherlands to the river IJssel, a branch of the river Rhine. In 
1999, about 15,000 boats passed through this canal of which 12,500 were commercial 
vessels and 2,500 recreational boats. The Zuid-W illemsvaart (75 km long, 24-52 m wide 
and 2.2-3.1 m deep), dug betw een 1805 and 1895, connects industrial centres in the 
southern part of the Netherlands to the river Meuse. In 1999, annual traffic on this canal 
was approximately 7,800 boats (7,000 commercial and 800 recreational). The canals cut
Table 6.1 Mean, minimum and maximum values of physical and chemical water parameters of the 
Twentekanaal in August 1998 and the Zuid-Willemsvaart in August 1999 near the research locations. 
All values are expressed as ^mol L-1 with the exception of pH (units), alkalinity (meq L-1) and 
turbidity (ppm).
Twentekanaal n =37 Zuid-Willemsvaart n=28
mean min. max. mean min. max.
pH 8.1 7.9 8.7 7.5 7.2 7.8
Alkalinity 3.24 2.31 3.70 2.17 1.61 2.77
Nitrate-N 301 227 374 183 45 344
Ammonium-N 6.8 1.6 13.0 34.1 2.4 125.0
Phosphate 1.1 0.2 2.1 5.1 1.5 10.8
Total-P 27 16 47 9 4 18
Calcium 1827 1081 2184 1165 388 1635
Potassium 307 147 396 256 92 436
Sodium 1578 1143 2294 1256 385 2114
Chloride 1417 1132 1770 1065 355 1481
Magnesium 363 315 430 323 101 521
Iron 2.5 0.9 4.5 4.3 0.2 13.9
Sulphate 786 685 884 541 164 841
Manganese 0.7 0.0 1.6 0.7 0.1 2.3
Zinc 2.0 1.2 2.4 1.9 0.7 2.8
Aluminium 2.5 1.2 4.8 7.1 3.7 12.6
Turbidity 7.4 4.0 14.0 5.0 1.0 12.0
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through parts of a Pleistocene landscape w ith mainly sandy soils. A lthough there are 
differences in w ater chemistry, the w ater of both canals can be classified as eutrophic 
and hard  (Table 6.1). The w ater level in both  canals is fairly constan t, although in 
periods of heavy rainfall peaks 20 - 30 cm above the mean level occasionally occur. In 
general the water is slowly (<  5 m m in-1) moving in the direction of the rivers, to which 
the canals are connected by m eans of locks. However, in periods of drought, w ater is 
pum ped from the rivers into the canals.
During the w idening of both  canals, ecologically sound or 'nature-friendly’ banks 
were constructed at eight locations between 1986 and 1996 over a total length of 28 km. 
The banks consist of an unprotected slope, which gradually changes from land into a 0.6 
to 1.0 m deep w ater zone. A defence (dam or sheet piles) separates this zone from the 
much deeper canal (Fig. 6.1). M ost of the shallow zones are connected to the canal by 
means of gaps or pipes in the wave-breaking structure; some of them  are not connected 
b u t are nevertheless influenced by the eutrophic canal w ater e ither because waves 
overtop the defence or w ater enters through porous dam s. Only a few localities are 
actually hydrologically isolated from the canal (Fig. 6.1A). Depending on the available 
space on the landward side, the shallow zones along the Twentekanaal are betw een 2 
and 8 m wide and along the Zuid-W illemsvaart between 2 and 12 m. The total length of 
a shallow  zone at each location varies betw een 1,500 and 3,800 m. W ithin  a location 
each zone is divided into sections of 50-300 m. W here there are sheet piles, 5-10 m wide 
landing places for crossing land animals form the separations between the sections (Fig. 
6.1B); otherw ise, the separations com prise 10-m wide dam s, facilitating access to the 
canal. Along the Twentekanaal 9 out of 20 sites 9 years old were dredged in 1997, to 
enhance the habitat conditions for submerged vegetation.
Sampling vegetation and environmental data
In July and A ugust 1998, vegetation data were obtained from 50 sites in shallow zones 
along the Twentekanaal and in A ugust 1999 from 30 sites along the Zuid-Willemsvaart. 
The sites (25 m 2) were located to represent all observed variation in plant communities 
and unvegetated water areas in the constructed zones. Each recognized plant community 
or unvegetated area was represented by 2-15 sites, depending on the surface area. The 
m inim um  distance of any site to the w ater border on the landw ard side was 1 m. The 
cover of the vegetation layers of aquatic plants (subdivided into free floating, submerged 
and em ergent), and of each individual species were determ ined as follows. Each site of 
25 m 2 was divided in ten sub-plots of 2.5 m 2. W ithin each sub-plot the cover (in m 2) of 
each vegetation layer and p lan t species was m easured. N om enclature for vegetation 
follows standard  descriptions: vascular plants -  Van der M eijden (1996); liverworts -  
Gradstein & Van Melick (1996); charophytes -  Van Raam (1998); plant com m unities -  
Pott (1992), Schaminée et al. (1995) and/or Rodwell (1995).
Samples of w ater and sed im ent w ere taken a t each site  in A ugust 1998 
(Twentekanaal) and August 1999 (Zuid-Willemsvaart). W ater samples were collected in 
iodinated polyethylene bottles at a depth of 1 0  - 2 0  cm below the w ater level, and sub-
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traditional
bank
nature-friendly
bank
Figure 6.1 Schematic cross-section of a canal with a traditional bank (left) and a 'nature-friendly’ 
bank (right). Behind a defence against boat wash, consisting of a dam (A) or steel sheet piles (B), a 
shallow zone has been created. Photo A: an isolated backwater behind a dam (Zuid-Willemsvaart). 
Photo B: a canal-connected backwater behind steel sheet piles with aquatic vegetation absent in the 
main body of the canal (Twentekanaal).
samples of 25 mL were passed through a W hatm an GF/C filter. After 0.1 mL citric acid 
(0.25 g L-1) had been added to the samples to prevent the precipitation of m etal ions, 
they w ere sto red  in iodinated  polyethylene bo ttles a t -28 °C until fu rth er analysis. 
Sedim ent pore w ater was taken according to Sm olders and Roelofs (1993) using soil 
m oisture samplers (ceramic cups connected to vacuum infusion flasks by airtight tubes). 
From each sample a sub-sample of 10.5 mL was taken and fixed with 10.5 mL sulphide 
anti-oxidant (Van Gemerden 1984). Pore water samples were treated in the same way as 
the w ater sam ples except th a t they w ere no t filtered. A t each site 5 replicates were 
collected from the submerged soil by means of a Vrij-Wit-auger (surface area 100 cm2),
115
Chapter 6
enabling the collection of undisturbed samples (Van Duin 1992). The thickness of the 
sedim ent layer of each replicate was measured. W henever the layer was < 5 cm, all the 
sedim ent of a replicate was collected, otherwise only the sedim ent layer from 0 to 5 cm 
was gathered. The replicates were pooled and mixed. After drying (24 hours a t 105 °C) 
each 200-mg sample was disintegrated in 1 mL of 30% H 2O 2 and 4 mL of 65% HNO 3 in 
a M ilestone microwave type mls 1200 Mega. Each destruction m ixture was diluted to 
100 mL w ith  bidistilled w ater and stored  in an iodinated polyethylene bottle  at 4 °C 
until analysis.
Analysis o f water and sediment
Parameters of water and sedim ent selected were those likely to influence the occurrence 
of aquatic p lan t species (W iegleb 1978 and 1984; Haslam  1987; M arschner 1995). 
Alkalinity, pH, turbidity and free sulphide were determ ined w ithin 4 h after collection: 
alkalinity was established according to Roelofs (1991), pH w ith  a standard  KCl pH 
electrode, and turbidity by means of a Denton FN5 turbidity meter. The concentration of 
free su lphide was m easured  by using an O rion 94-16A sulphide ion-specific silver 
electrode and a double junction  calom el reference electrode (Roelofs 1991). The 
concentrations of K+ and Na+ were determ ined by flame photom etry (Technicon Flame 
P hotom eter IV). An inductively coupled p lasm a em ission spectropho tom eter (ICP; 
Spectroflame, Spectro Analytical Instrum ents, Kleve, Germany) was used to m easure 
to tal concentrations of Ca, Mg, Al, Fe, Mn, P, S, and Zn. The following chemical 
param eters were m easured colorimetrically by means of a Technicon II autoanalyser: o- 
PO43- -  Henriksen (1965); N O 3--N -  Kamphake et al. (1967); NH 4 +-N -  Grasshoff & 
Johanssen (1977); Cl- -  O'Brien (1962). Organic m atter concentration was m easured by 
loss-on-ignition at 555 °C for 5 h of about 30 g of dried soil. Determ ination of K+ and 
Na+ in the destruction m ixtures was carried out in the same way as for water samples. 
Cu and Pb concentrations were measured in an ICP.
D ata analysis
Vegetation data w ere classified and grouped using TWINSPAN (Hill 1979). The data 
were ordinated by means of two multivariate m ethods from CANOCO version 4.0 (Ter 
Braak & Smilauer 1998): detrended correspondence analysis (DCA) for indirect gradient 
analysis and canonical correspondence analysis (CCA) for direct gradient analysis. Prior 
to sta tistical analysis the species cover values w ere lo g 10-transform ed, because this 
resu lts  in low er w eights of the  dom inan t species (Ter Braak & Sm ilauer 1998). The 
values of the environm ental param eters (except of pH) were transform ed in the same 
way. DCA was used to show  the m ain variation in the species data. The relationship 
between the vegetation and environmental param eters was explored in a CCA, in which 
both the species and environmental data are used to arrange the sites along the ordination 
axes (Ter Braak 1994). The effect of hydrological isolation on the vegetation composition 
was analysed separately with a sub-set of the data (2 0  sites) from shallow bank zones of 
about the same age and from the same canal bu t differing in the degree of isolation.
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To rank the environm ental param eters, forw ard selection of the param eters was 
performed (Ter Braak & Smilauer 1998). Only those param eters that were significant (P 
< 0.05) in a M onte Carlo perm utation test (with 999 random perm utations) and with a 
correlation coefficient > 0.3 w ere kept in each m odel. Param eters tha t were strongly 
correlated  w ith  o ther param eters (displaying collinearity) w ere excluded (inflation 
factors exceeding 10). Two param eters ( 'w ater d ep th ’ and 'age’), w ith  w hich many 
characteristics were correlated, were used to interpret the DCA-ordination diagram.
To analyse the differences in environm ental variation betw een p lan t com m unities 
w ith an unequal num ber of relevés, a Tukey HSD p ost te s t was used a t the 0.01 
confidence limit (Sokal & Rohlf 1994).
Results
Temporal variation o f  (pore) water parameters
For one canal (Zuid-Willemsvaart) samples of the water layer and the pore water could 
be collected in sum m er only. However, because a set of m onthly m easurem ents of these 
param eters exists for the  Tw entekanaal (Boedeltje unpublished  data), the tem poral 
variability in the environmental data over the period August 1998-August 2000 could be 
assessed. The pH of the water layer showed a distinct periodicity: 0.4 to 0.6 units higher 
in sum m er than  in w inter. This also applied to N O 3- in the  w ater layer (mean 
concentration in w inter 2 to 5 times higher than in summer) and to PO43- in the water 
layer (mean concentration in w inter 2 to 4 times higher). Furthermore, it applied to S2- 
and N H 4 + in the pore w ater (m ean concentration in sum m er 2 to 4 tim es higher). 
Temporal variation of other param eters was relatively small.
Vegetation classification and DCA-ordination
The hierarchy of the plant com m unities produced by the TWINSPAN classification and 
some characteristics of the sites are presented in Table 6.2. The plant com m unities are 
classified into two main groups.
I V egeta tion  o f  open w a ter  w ith  subm erged or fre e  flo a tin g  species
This main group, dom inated by subm erged or free floating aquatics, has been divided 
into three sub-groups. Subgroup IA is the association C haretum  vulgaris. This charophyte 
com m unity occurred exclusively in hydrologically iso lated  bank zones. Subgroup IB
consists o f two com m unities dom inated by C era tophy llum  dem ersum : IB 1 , the
C eratophyllum  d e m e rsu m -c o m m u n ity  s.s. and IB2, the  C. d e m e rsu m -c o m m u n ity  fully 
covered by Lem na m inor and Spirodela po lyrh iza  (association Lem no-Spirodeletum ). Sub­
group IC is com posed of four com m unities from  the P arvopo tam ion  characterized by 
M yriophyllum  spicatum , P otam ogeton pectina tus, Elodea n u tta lli and P otam ogeton pusillus, 
respectively. In this sub-group also the 'vegetation type’ inops has been placed: species- 
poor and w ithout characteristic species. The sub-groups 1C1 and 1C2 partly overlap sub­
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group 1B by the high constancy of C eratophyllum  dem ersum . Two categories were 
distinguished on the basis of life-forms. The first category, com prising sub-groups IA 
and IC, mainly consists of rooted submerged species. The second category, sub-group IB, 
consists particularly of non-rooting aquatic species.
II V egeta tion  w ith  dom inance o f  em ergent aquatic  species
This main group, comprising P hragm iteta lia  com m unities dom inated by common reed, 
P hragm ites a u stra lis , has been divided in to  two sub-groups. Sub-group IID is 
characterized by the presence of the em ergent species A lism a  plantago-aquatica, Phalaris 
arundinacea  and Sparganium  em ersum , w hereas som e subm erged species (e.g. Elodea  
nutta llii) also occur regularly at low densities. This group has been subdivided into three 
communities: IID1, a poorly developed Phragmites australis vegetation (cover of emergent 
species < 50%); IID2, a P. australis vegetation in which the w ater layer is fully covered 
by a duckw eed m at (in particu lar Spirodela  po lyrh iza );  and IID3, a dense P. austra lis  
vegetation (cover > 50%) usually w ithout a duckweed layer. Sub-group IIE, forming a 
transition to the assocation U rtico-Aegopodietum , features the occurrence of tall perennial 
herbs, such as U rtica  d io ica . A com parison of the vegetation developm ent in canal- 
influenced zones behind steel sheet-pile barriers w ith those behind a dam  show ed no 
overall difference between these two types.
Table 6.2 The hierarchy of plant communities from the TWINSPAN classification and some 
characteristics. First number given for species indicates frequency (r present in 0 - 5% of the relevés; 
+ in 5 - 10%; I in 10 - 20%; II in 20 - 40%; III in 40 - 60%; IV in 60 - 80%; V in 80 - 100%); second 
number, in parenthesis, indicates mean cover percentage for relevés in which the species is present. 
Species with more than 40% presence in at least one community are included in the table. Age: years 
between construction and sampling. TK = Twentekanaal; ZWV = Zuid-Willemsvaart.
I Vegetation of open water with submerged or free-floating species. A Vegetation of Chara vulgaris 
(Charetum  vulgaris). B Vegetation of non-rooting aquatic species: (1) Ceratophyllum demersum 
community; (2) C. demersum community and Lemno-Spirodeletum. C Vegetation dominated by rooted 
submerged species: (1) community of Myriophyllum spicatum; (2) community of Potamogeton pectinatus 
and Elodea nuttallii; (3) community dominated by Elodea nuttallii; (4) community dominated by 
Potamogeton pusillus [group IC5 (inops) is species-poor without characteristic species].
II Vegetation with dominance of emergent aquatic species. D Phragmites australis community without 
perennial tall-herb species: (1) P. australis community; cover of P. australis < 50%; (2) P. australis 
community and Lemno-Spirodeletum; (3) P. australis community; cover of P. australis > 50%. E P. 
australis with perennial tall-herbs: P. australis- Urtica dioica community.
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II
D
A B C E
Community indication 
Number of relevés (TK) 
Number of relevés (ZWV) 
Mean number of species 
Age (years)
Number of dredged sites 
Mean water depth (cm)
IA
0
3
4 .3
3
0
73
IB1
0
7
7.1
5 .5
0
69
IB2
0
3
9 .0
5 .5
0
67
IC1
0
4
6.8
5 .5
0
43
IC2
13
0
6.8
3-4
0
75
IC3
0
2
3 .5
3
0
80
IC4
6
0
10.0
9
6
84
IC5
11
5
5 .8
3-9
2
34
IID1
10
0
7.5
3-9
1
36
IID2
6
0
8.8
9
0
42
IID3
4
0
10.0
9
0
44
IIE
0
6
8.0
13
0
7
Charetea vulgaris
Chara vulgaris V(37 ) + ( 1)
Potametea
Ceratophyllum demersum V (58 ) V (22 ) V (32 ) V (2) III(1 ) + (1)
Hydrocharis morsus-ranae III(1 ) IV (13 ) + (1) I(3 )
Myriophyllum spicatum III(5 ) V (13 ) I I I (  1)
Potamogeton pectinatus II(2 7 ) III(11 )
Elodea nuttallii II(1 ) II(1 ) V (17 ) V (7) V (95 ) V (20 ) III(1 ) III(1 ) I I  (41) III(1 )
Potamogeton pusillus III(2 ) II(1) V (19 ) I(1 ) II(1 ) I(1 )
Lemnetea minoris
Lemna minor V (1 ) V (50 ) V (8 ) IV (1 ) II I(1 ) V (5) III(1 ) III(1 ) V (13 ) IV (1 )
Spirodela polyrhiza IV (2 ) V (50 ) IV (16 ) II(1) V (4) III(1 ) II(1 ) V (68 ) II(1 )
Lemna trisulca II(1) V (14 ) II(1 ) II(1 ) III(1 7 ) II(1 )
Lemna gibba V (1 )
Azolla filiculoides IV(1)
Phragmitetea
Phragmites australis V (5) III(2 ) V (2 ) V (1 ) V (23 ) IV (1 ) V (26 ) V (41 ) V (71 ) V (100 )
Alisma plantago-aquatica 11(1) V (1) II(1 ) III(1 ) I(1 ) II(1 )
Glyceria maxima IV (1 ) IV (3 ) V (6) I(1 ) + (1) II(10 )
Typha latifolia II(1 ) I(1 ) II I(1 ) I(3 ) I(1 ) II(2 ) II(25 )
Phalaris arundinacea I(1 ) II(1 ) II I(1 ) II(1 ) II(1 ) III(1 ) V (19 ) III(2 3 )
Sparganium emersum I(1 ) II(1) IV (1 ) I(1 ) IV (1 ) I(4 ) II(1 )
Iris pseudacorus II(4 ) I(1 ) I(4 ) V(4)
Carex acuta I(1 ) + (1) I(1 ) III(1 ) I(1 )
Carex acutiformis + (1) IV (2 )
Lycopus europaeus II(1 ) IV (1 ) I(1 )
Convolvulo-Filipenduletea
Calystegia sepium + (1) V (1) IV (1 ) V (17 )
Epilobium hirsutum III(1 )
Other species
Callitriche species II(1 ) II(5 ) III(1 ) V (1) IV (12 ) III(1 ) V (6) II(2 1 ) III(1 )
Lythrum salicaria IV (1 ) I(1 ) I(1 ) I(1 )
Solanum dulcamara II(1 ) IV (2 )
Urtica dioica V (4 )
Poa trivialis V (1 )
Equisetum arvense I I I(1 )
Humulus lupulus I I I(1 )
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Relationship between vegetation and water depth and age
The D CA-ordination diagram  (Fig. 6.2) clearly show s the different TWINSPAN end­
groups. Two closely re la ted  variables play an im portan t role in separating  the p lant 
communities: w ater depth and age, both correlated with the first and second ordination 
axis. On the lower left-hand side of Fig. 6.2, the communities dom inated by Potamogeton 
pectinatus and Ceratophyllum demersum  are clustered, associated w ithin 3-5-year-old zones 
in which the w ater depth ranged from 70 to 80 cm (Table 6.2). The Phragm ites-U rtica- 
community is positioned on the upper right-hand side of the diagram and characterized 
13-year-old zones with a water depth of 0 - 10 cm. The Chara vulgaris community, which 
occurred in 3-year-old bank zones that are not influenced by the eutrophic canal water, is 
clearly separated  from  all o ther com m unities. The P otam ogeton  pusillu s  com m unity, 
positioned in the centre, predom inated in dredged sites along the Twentekanaal (Table
6.2). Except for the P hragm ites-U rtica  com m unity, all established aquatic p lan t 
com m unities w ere absen t from  those parts of the  navigation canals w ith o u t such 
constructed shallow zones (Fig. 6.1B).
+  IA  Chara vulgaris 
■ IB1 Ceratophyllum demersum 
□ IB2 Ceratophyllum demersum- 
Lemna minor 
a  IC1 Myriophyllum spicatum 
▲ IC2 Potamogeton pectinatus 
v  IC 3  Elodea nuttallii 
▼ IC4 Potamogeton pusillus 
► IC5 Inops
•  IID1 Phragmites australis
(cover of helophytes <50%)
O  IID2 Phragmites australis- 
Spirodela polyrhiza 
O IID3 Phragmites australis
(cover of helophytes >50%)
♦  HE Phragmites australis-Urtica dioica
axis 1
Figure 6.2 DCA-ordination diagram for the first two axes showing relevés, TWINSPAN end-groups 
(circled symbols) and the environmental factors (arrows) 'water depth' and 'age'. Eigenvalues of axes 
1 and 2 are 0.65 and 0.55, respectively; the sum of all canonical eigenvalues is 0.70. For clarity, the 
group inops is not circled; P. australis-communities IID1 and IID3 have been taken together. For 
community indication and composition see Table 6.2. Correlation of water depth with axis 1 is -0.67 
and with axis 2 -0.74; correlation of age with axis 1 is 0.65 and with axis 2 0.59, respectively.
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Relationship between vegetation and the characteristics o f water and sediment
The results of the CCA of the relevés together with characteristics of water and sediment 
that best explain the variation are shown in Fig. 6.3. The mean values of the parameters 
of water and sedim ent for each community are given in Appendix 6.1. From Figure 6.3 it 
can be seen th a t characteristics of the w ater layer (turbidity , N H 4 +), the pore w ater 
(NH 4 +, Fe, S2-) and the sed im ent (thickness of the deposited  layer, organic m atter 
content) explain the m ajor variation in species com position. Figure 6.3 roughly shows 
two different environm ents: (i) bank zones w ith a relatively thick layer of deposited 
sed im ent and a relatively high percentage of organic m atte r (low er righ t p a rt of the 
diagram); (ii) bank zones w ith a relatively thin layer of sedim ent w ith a low percentage 
of organic m atter (upper left part of the diagram ). The com m unities in which rooted 
submerged species dom inate (groups IA, IC1-4; Table 6.2), together with part of the P. 
australis-community (IID1) with at least some rooted submerged species (Table 6.2), are 
restricted to upper left part of the diagram, i.e. to the bank zones w ith a thin layer of 
deposited sedim ent. In four out of five com m unities dom inated by rooted subm erged 
species the mean thickness of the sedim ent layer was < 2 cm (Appendix 6.1). Moreover,
axis 1
+  IA Chara vulgarIs
■ IB1 Ceratophyllum demersum
□ IB2 Ceratophyllum demersum- 
Lemna mInor
A  IC1 MyrI oph hyll um spI cat um
▲ IC2 Potamogeton pectInatus
V  IC3 Elodea nuttallII
▼ IC4 Potamogeton pusIllus
► IC5 Inops
•  IID1 PhragmItes australIs 
(cover of helophytes <50%)
O II a ro PhragmItes australIs- 
SpIrodela polyrhIza
3DII
O
PhragmItes australIs 
(cover of helophytes >50%)
♦  h e PhragmItes australIs-UrtIca d Io Ica
pw in pore water
w in water layer
Figure 6.3 CCA-ordination diagram for the first two axes with the relevés, TWINSPAN end-groups 
and the main environmental factors (arrows). Eigenvalues of axes 1 and 2 are 0.49 and 0.28, 
respectively; the sum of all canonical eigenvalues is 1.35. Monte Carlo test significant (P < 0.01). For 
clarity, not all groups are circled. For community identification and composition see Table 6.2. 
Correlations of environmental variables with the ordination axes can be derived from the biplot. For 
example, the coordinates of turbidity are 0.83 and 0.30; so its correlation with axis 1 is 0.83 and with 
axis 2 0.30.
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these communities were characterized by low concentrations of N H 4+ in both the water 
layer and the pore w ater. The occurrence of the C haretum  vulgaris (IA) was associated 
w ith  the low est concentrations of n u trien ts  and m ajor ions Na+, Cl- and SO4 2- 
(Appendix 6.1).
It appears th a t the com m unities dom inated by the non-roo ted  C eratophyllum  
demersum  and the free floating Lemna m inor and Spirodela po lyrh iza  (IB1, IB2, IID2) and 
the com m unity  w ith  a high cover of P hragm ites austra lis  in deeper w ater (IID3) are 
restricted to the lower part of the diagram, i.e. to bank zones with a relatively thick layer 
of sedim ent and high concentrations of NH 4 + in the water layer and the pore water. In 
particular, the am m onium  concentration in the pore w ater was extremely high (up to 2  
mmol L-1; Appendix 6.1). The P hragm ites-U rtica -com m unity  (IIE), characterized by very 
thick (38 cm) sedim ent layers, was found at the oldest, sometimes non-flooded sites. In 
con trast to the perm anently  flooded reed and duckw eed com m unities, the N H 4 + 
concentration in the pore w ater of this vegetation was relatively low (Appendix 6.1). 
However, in th is com m unity free sulphide concentrations in the pore w ater were 
relatively high, in com bination w ith low iron concentrations. In the pore w ater of the 
o ther vegetation types free sulphide was lacking or was found in low concentrations. 
Moreover, the turbidity of the water layer in which this tall herb vegetation occurred was 
significantly higher than th a t of all o ther com m unities. The high am ounts of copper, 
zinc, chrom ium  and lead in the sed im ent of the  sites w ith the P hragm ites-U rtica  
com m unity are striking (Appendix 6.1; vectors no t show n in Fig. 6.3 because of high 
inflation factors).
Effects o f  hydrological isolation and different degrees o f  contact with a canal
To obtain more insight into the effects of hydrological isolation from an eutrophic canal 
and different degrees of contact w ith it, only those sites w ere considered th a t are of 
abou t the sam e age and th a t occur along the sam e canal. This group consists o f 20 
observations. Fig. 6.4 show s the relationsh ip  betw een the vegetation and the 
environmental param eters of this group which best explain the variation along the Zuid- 
Willemsvaart. It appears that only hydrologically isolated sites were characterised by the 
submerged species Chara vulgaris and Elodea n u tta llii. All isolated sites had low levels of 
nutrients in the w ater layer, a thin (<  1 cm) layer of sedim ent, and low concentrations 
of K+ and NH 4 + in the pore water. In contrast to the vegetation with Elodea nu tta llii the 
com m unity of Chara vulgaris was characterized by lower concentrations of SO42- and 
higher concentrations of Ca in the w ater layer (see Appendix 6.1). Sites in contact with 
the canal by m eans of gaps in a dam  had vegetation of m ainly non-rooted  species in 
which Ceratophyllum  demersum  dominated. The difference between bank zones in which 
boat-induced wave action occurred and bank zones characterized by standing (canal) 
water is worth noting. In the former only Ceratophyllum demersum  occurred, in the latter 
C. demersum  was covered by a duckweed layer.
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Discussion
Temporal variation o f  (pore) water parameters
The observations of variability in (pore) w ater param eters largely confirm  the data of 
Wiegleb (1984). Given the predictable nature of the seasonal variation, the use of a data 
set of (pore) water characteristics obtained in the same m onth (August) was considered 
acceptable to compare the habitat characteristics of plant com m unities along different 
canals, especially because 80 sites were involved.
Relationships between the aquatic vegetation and habitat conditions in bank zones 
Environmental interpretation of the DCA-ordination diagram (Fig. 6.2) reveals that 'age' 
and 'w ater d ep th ' explain the m ajor variation in the vegetation com position of the 
shallow bank zones: a mosaic of subm erged vegetation and open w ater in the younger, 
relatively deep zones and an em ergent aquatic vegetation in the older, shallower zones. 
Previous comparative studies (Seddon 1972; Wiegleb 1978; Duarte & Kalff 1990; Palmer 
et al. 1992; Vestergaard & Sand-Jensen 2000) have shown that large-scale differences in 
macrophyte vegetation among lakes and ponds are controlled mainly by w ater chemical 
param eters, in particular the am ount of available inorganic carbon (alkalinity), pH and
+  IA  Chara vulgaris 
■ IB1 Ceratophyllum demersum 
□ IB2 Ceratophyllum demersum- 
Lemna minor 
► IC5 Inops 
v  IC3 Elodea nuttallii 
P  in contact with canal by means 
of two pipes 
CM  in contact with canal by means 
of two gaps in a porous dam; 
moving water 
CS in contact with canal by means 
of a porous dam only or one gap 
in porous dam; standing water 
no contact with canal;
L . '  hydrologically isolated
pw in pore water 
w in water layer
axis 1
Figure 6.4 CCA-ordination diagram for the first two axes with the sites and the main environmental 
factors (arrows) in shallow zones of about the same age along the Zuid-Willemsvaart, showing the 
effect of hydrological isolation and different degrees of contact with the canal. Eigenvalues for axes 1 
and 2 are 0.63 and 0.53, respectively; the sum of all canonical values is 2.27. Monte Carlo test 
significant (P < 0.01). For community identification and composition see Table 6.2. Correlations of 
environmental parameters with the ordination axes can be derived from the biplot as in Figure 6.3.
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trophic state. However, site-specific distribution of species w ithin the same w ater body 
w ould depend on physical variables such as w ater depth, litto ral slope and sedim ent 
composition (Duarte & Kalff 1990). This study confirms the results of these studies in 
that differences in submerged vegetation among hydrologically isolated and open canal- 
influenced zones first of all depend on w ater quality. However, for differences in life- 
forms and species composition w ithin the backwaters, sedim ent, pore w ater and water 
characteristics are all important.
Rooted submerged vegetation in relation to habitat conditions
Vegetation types in which rooted submerged species predom inate were in general clearly 
related to a thin (<  2  cm) sedim ent layer with a low am ount of organic m atter and low 
concentrations of ammonium in the water layer and the pore water. W e hypothesize that 
sedim ent accretion and decom position of accum ulated organic m atter in the sedim ent 
layer lead to hypoxic and anoxic conditions and to a decrease of the redox potential (cf. 
Stum m  & M organ 1995). Low values for redox potential may coincide w ith increased 
levels of potentially phytotoxic compounds such as ammonium and free sulphide (Barko 
& Sm art 1983; Roelofs 1991; Stum m  & M organ 1995). Exam ining the relationship  
betw een the cover of rooted subm erged species and chemical param eters of the pore 
water shows a clear negative correlation for am monium (Fig. 6.5). Therefore ammonium 
toxicity may play a significant role in the absence or decline of rooted submerged aquatic 
species in ageing bank zones, especially because the pH of the pore water was about 7.0 
and of the w ater layer 7.5-8.0 (locally 9.0). Under high pH-conditions am m onium  partly 
occurs as toxic N H 3 (Stumm & Morgan 1995). These results support previous studies 
showing clear relationships between high am monium concentrations and the absence of 
rooted subm erged species (Litav & Lehrer 1978; W iegleb 1978, 1984; O naindia et al. 
1996; Smolders et al., 1996). The absence of these species in the younger backwaters of 
sites with low am m onium  concentrations (Figures 6.3 and 6.4) is probably due to a lack 
of colonisation.
Passing boats constantly  pertu rb  the w ater and therefore cause turbid ity  in canal- 
influenced backw aters. Suspended particles cover the  leaves of subm erged species, 
negatively affecting photosynthesis (Edwards 1969; Murphy et al. 1995). Moreover, high 
loads of nu trien ts from the m ain w ater body en ter the bank zones, locally causing an 
excessive grow th of phytoplankton, contribu ting  to a high turb id ity  (Jupp & Spence 
1977). In addition, eutrophication prom otes the growth of epiphytes, filamentous algae 
and free floating species (Phillips et al 1978), also causing a reduction  in grow th of 
subm erged species th rough shading (see also Fig. 6 .6 ). O ur resu lts  show  a negative 
relationship between the cover of rooted submerged species and turbidity (Fig. 6.5) and 
ligh t lim itation  may thus be ano ther factor causing the lack or decline of rooted 
subm erged p lan ts in canal-influenced bank zones (Fig. 6 .6 ; Jupp & Spence 1977). A 
negative correlation betw een the biom ass of subm erged p lants and turb id ity  (total 
suspended solids) has also been described for backwaters connected to navigable canals 
in the U.K. (Willby & Eaton 1996).
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turbidity (ppm)
ammonium in sediment pore water («moi L '1)
Figure 6.5 Scatter plot showing the vegetation cover of submerged species as a function of turbidity 
of the water layer (A) and of ammonium concentration in the pore water (B). Only relevés of shallow 
zones with more than 10  cm of water, in which potentially submerged species could occur, were 
incorporated. The cover of submerged species was summed for each species. Species involved are: 
Callitriche-species, Chara vulgaris, C. globularis, Elodea nuttallii, Hottonia palustris, Myriophyllum spicatum, 
Nuphar lutea (if submerged), Potamogeton crispus, P. lucens, P. natans, P. pectinatus, P. perfoliatus, P. 
pusillus, P. trichoides and Zannichellia palustris.
Smolders & Roelofs (1996) found that the survival of roots of Stratio tes aloides appeared 
to be seriously affected by sulphide levels higher than 5 ^m ol L-1 in the sedim ent pore 
w ater. Locally in shallow  backw aters, w here iron concentrations w ere low, sulphide 
reached potentially toxic levels of about 10-20 ^m ol L-1. Therefore sulphide toxicity may 
also locally be a factor causing the absence of rooted subm erged plants (cf. W illby & 
Eaton 1996).
Free floating and emergent vegetation in relation to habitat conditions
The h ab ita t of the L em no-Spirodeletum  po lyrh izae  and C era tophylle tum  dem ersi was 
characterized by a relatively thick sedim ent layer and (pore) w ater w ith relatively high 
am m onium  concentrations. These results correspond, for instance, to Pott (1992) and 
Rodwell (1995). These vegetation types occurred in sheltered parts of backwaters with
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Figure 6 .6  A layer of suspended particles and algae covers the leaves of Potamogeton perfoliatus 
growing in a backwater along the Twentekanaal. This layer causes a reduction in growth through 
shading.
mostly standing water where sedim entation was relatively high. The Phragmites australis 
com m unities, represen ting  la ter successional stages (Pott 1992; Rodwell 1995; 
Schaminée et al. 1995), were also associated w ith a thick sedim ent layer, a relatively high 
concentration of organic m atter and, in perm anently flooded situations, w ith high pore 
water am m onium  concentrations.
Vegetation change
As in lake succession (Barko & Sm art 1983; C arpenter & Lodge 1986) and in the 
succession in backw aters of navigated rivers (Sm art et al. 1985; Peck & Sm art 1986) 
accretion of sed im ent is also a key factor in vegetation change in canal-influenced 
backwaters along navigation canals. A lthough aquatic vegetation accelerates sedim ent 
accretion (Barko & Smart 1983; Sand-Jensen 1998), the process of sedim entation is also 
working independently of the presence of aquatic plants in backwaters along navigation 
canals (Willby & Eaton 1996). As m ost backwaters are connected to the canal, boat- 
induced w ater m ovem ent occurs betw een canal and backw aters. Passing boats cause 
resuspension of sedim ent in the canal (Hilton & Philips 1982; Smart et al. 1985; Peck & 
Smart 1986) and this w ater also enters the backwaters. During periods of stagnancy, and 
especially in sheltered parts of the backwaters, suspended particles sink to the bottom . 
In this way the sedim ent may increase at a rate of approxim ately 3.0 to 4.5 cm year-1
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Figure 6.7 Summary diagram of the potential development of aquatic vegetation in three types of 
constructed shallow bank zones (dashed lines) along a navigation canal with eutrophic, hard water. 
The shaded ovals indicate possible constraints to the presence of rooted submerged species that can 
occur in bank zones in contact with the canal. Mechanisms accounting for the transition from 
submerged communities to emergent communities in an isolated system have not been incorporated.
(Boeters et al. 1997). The movement of resuspended sedim ent from the main body of the 
canal into the backwaters strongly resembles the transport of such material through side 
channels of the M ississippi and the deposition in backwaters (Smart et al. 1985). The 
sed im entation  ra te  of 3.0-4.5 cm year-1 corresponds to sed im entation  rates in these 
backw aters (Bhowmik & Adam s 1986). M echanical dredging could be a useful 
m anagem ent tool in enhancing the h ab ita t conditions for subm erged vegetation of 
shallow backwaters (Table 6.2). However, additional studies are needed, particularly on 
the potential for the development of (submerged) aquatic vegetation from the propagule
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bank, the impact of dredging on hydro- and geochemical characteristics and the duration 
of a possible recovery of subm erged vegetation in backwaters after dredging. W ork is 
also needed on diaspore dispersal of aquatic p lants in canals (Bakker et al. 1996), an 
im portant topic in predicting the colonization of backwaters.
The findings of this investigation are sum m arized in a flow chart highlighting the 
m ain processes tha t govern species d istribution  and change in species com position of 
constructed  shallow  zones along navigation canals (Fig. 6.7). From th is chart it is 
evident that bank design has a major impact on the establishm ent of aquatic vegetation. 
It affects sed im entation  rates and turb id ity  and these in tu rn  strongly affect species 
distribution and change in species composition.
In conclusion, constructed shallow bank zones can offer much better possibilities for 
rooted aquatic vegetation and contribute to a higher aquatic biodiversity than traditional 
(hard) banks along navigation canals.
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In the reed vegetation of older backwaters tall herbs such as Calystegia sepium and Eupatorium cannabinum 
predominate.
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130 Appendix 6.1 Mean water and sediment characteristics of the plant communities with more than two relevés. Values of water parameters in p mol L'1 
except for alkalinity (meq L'1) and pH. Values of sediment parameters in mg kg'1 dry weight except for Ca, Mg and Fe (in g kg'1 dry weight), organic 
matter (Org. mat.) (in % of dry weight) and thickness of sediment layer (Sed. layer) (in cm). Means with the same letter (in the same row) are not 
significantly different. For community indication see Table 6.2.
Plant community
IA IB1 IB2 IC I IC2 IC4 IC5 11D1 IID2 IID3 HE
n 3 7 3 4 13 6 11 10 6 4 6
Water layer
PH 7 .6 7 b 7 .6 2 ab 7 .0 7 a 7 .5 0 ab 7 .7 8 b 7 .5 0 ab 7 .77b 7 .77b 7 .5 0 ab 7.70b 7 .6 2 ab
Alkalinity 2 .7 0 abc:d 2 .2 8 ab 2 _ 44a be 2 .1 7 a 3 .2 6 d 3 .0 6 c:d
O
l
GOc\i 3 .1 8 d 3 .1 4 d 2.88 bc:d 2 .8 9 bc:d
NH4+-N 6 .7 a 3 5 .8 c:d 4 6 .0 d 8 .20a 16 .7ab 16 .7 ab 16 .3ab 17 .0ab 29 .1 be 3 2 .6 bc:d 3 .8 a
N 03'-N 12a 74abc 3 3 ab 153 abcd 4 2 2 d 7 0 abc: 2 2 4 bcd 295'te 61 ate 180atlC:d 260cd"
PO43- 0 .6 0 a 3 .3 0 c 3 .4 3 c: 3 .9 3 c: 2 .0 8 b 1.02ab 1 .32atl 1 4 5 ab 1.10ab 0 .7 7 a 7 .1 3 d
K+ 61 a 159ab 186bc 3 5 6 d 2 7 5 bcd 2 8 5 bc:d 2 4 0 tlC:d 2 8 0 tcd 3 4 4 d 3 1 9d 295cd
Na+ 33 l a 1012t« 1 188bcde 10 5 9 bc: 7 9 4 ab 1 1 48 tcd 989bc 9 3 3 bc 1 6 7 7 * 1395c:de 1730"
CI' 178a 93 l b 1115 bc: 9 2 0 b 8 6 4 b 96 l b 939b 8 5 4 b 1370e 1210bc: 1406e
Ca 1367abc: 8 6 7 a 1084ab 1015a 1969e 1364abc: 159 5 abc 1796bc 1576abc: 1442abc: 1464abc:
Mg 2 1 5a 24 0 a 28 l a 2 7 6 a 3 5 9 atl 295ab 3 5 6 ab 3 6 8 ab 3 3 8 ab 3 3 9 ab 4 6 1 b
Fe 3 .0 abc: 6 .2C: 5 .5 bc: 1 .3ab 4 7  : 2 .5 abc 5 .2 tlC 5 .2 tlC 3 .1 abc: 2 2abc 0 .8a
s o 4: - 9 9 a 3 7 2 b 4 2 0 bc: 4 8 3 boj 783" g g g o t a 547bcde 801" 7 5 6 d" 804" 825"
Turbidity 3 .3 a 5 .6 a 11. 7a 5 .0 a 3 .6 a 2 .2a 5 .1 a 4 .6 a 1.2a 5 .5 a 162b
Pore water
PH 6 .9 3 ab 7 .0 7 ab 6 .9 8 ab 7 .3 2 b 7 .10ab 7 .3 2 b 7 .0 7 ab 7 .23b 6 .6 5 a 7 .0 5 ab 7. 19b
Alkalinity 6 .9 5 abc 8 .0 3 abc: 7 .9 4 abc 2 .88a 11 .73° 6 .8 0 atc 7 .7 7 atc 8 .1 6abc 8 .97t« 11 .77° 4 .3 5 ab
NH4+-N 3 7 a 886bc 1855d 95 a 6 2 7 ab 1 14a 54 0 ab 4 2 5 ab 1452cd 1405cd 11 l a
N 03'-N 21a 4 3 a 19a 16a 4 6 a 2a 3 1 a 13a 4 a 3a 25a
PO43- 1.2a 9 .5 a 18 .8a 21 . 7a 12.6a 1.7a 12 .7a 8 .0a 4 .1 a 18 .4a 10.3 a
K+ 57 a 2 9 0 b
cococo 2 6 9 b 3 4 4 bc 316bc 2 8 7 b 2 4 5 ab 5 0 6 c 3 5 2 tlC 172ab
Na+ 4 0 3 a 1 143abc 1308abc: 7 8 2 ab 16 3 5 bcd 16 7 7 bc:d 125 3 abc 2 1 3 2 cd 229 l d 2 0 30cd 1598bc:d
CI' 291a 12 7 7 bc: 13 81bc:d 8 0 4 ab 1664cd 13 34bc:d 1 3 56bcd 1786cd 2 1 15d 1826cd 1393bc:d
Ca 2 i 9 9 a b c 1956abc 1782abc 1026a 4 3 3 0 d 19 4 3 abc 2 7 4 8 abc:d 2 8 8 0 bcd 2 6 9 1 abc:d 3 2 3 5 cd 1363ab
Mg 4 3 7 ab 4 3 1 ab 3 8 1 ab 2 7 4 a 6 5 8 b 3 0 7 a 5 1 5ab 3 5 7 ab 4 5 9 ab 540ab 4 1 6atl
Mn 66b 28 ab 21ab 7a 6 2 b 18ab 4 0 ab 3 5 ab 3 2 ab 64 b 7a
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Combined effects of water column nitrate 
enrichment, sediment type and irradiance 
on growth and foliar nutrient 
concentrations of Potamogeton alpinus
Ger Boedeltje, Alfons J.P. Smolders & Ja n G.M. Roelofs
Subm itted
Abstract
The effects of high water column NO3- loading, low light availability and anoxic nutrient- 
rich sedim ent on the growth, biomass allocation and foliar nu trien t concentrations of 
Potamogeton alpinus were determined in a mesocosm experiment using contrasting values of 
each factor (500 vs. 0 ^mol L-1 NO3-; reduced vs. ambient irradiance; and muddy vs. sandy 
sediment).
Low irradiance, high NO 3- and sandy sedim ent led to reduced growth. On a muddy 
sediment, plants had lower roo t/shoot ratios than on a sandy sediment. Growth at high 
NO3- and on sandy sediment resulted in lower foliar N and C concentrations than in the 
contrasting treatments. The C/N ratio was higher at high NO3- and on a sandy sediment. 
Foliar P was higher on a muddy than on a sandy sediment but was not affected by irradiance 
and NO3-. The N /P ratio was lowest at high NO3- in sandy sediment. Foliar free amino acid 
concentration was lowest on sand, at low irradiance and high NO3-. Total free amino acid 
concentration and growth were not correlated. Turbidity and PO43- concentration of the 
water layer were lower at high water column NO3- indicating that the growth reduction was 
not associated with increased algal growth but that physiological mechanisms were involved.
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Introduction
The excessive use of m anure and synthetic fertilisers has resulted in leaching of nitrate 
(NO3-) from  agricultural land w hich has strongly increased NO 3- concentrations of 
groundw ater and surface w aters in m any parts of Europe (Iversen et al. 1998). As a 
consequence, m any shallow  freshw ater system s in th is area suffer from  high NO 3- 
loading (100 - 1000 ^m ol L-1) of the water column (ILEC 2004). Sheltered parts of these 
system s are additionally  faced w ith high sed im entation  rates resu lting  in the 
accum ulation of instab le sed im ents contain ing large am ounts of easily degradable 
organic m atter (Labadz et al. 2002). As m ost of these sediments are anoxic, ammonium 
(NH4+) is the dom inant N-ion in the in terstitial water, contrasting w ith the overlying 
water where nitrate (NO3") usually exists in much higher concentrations (Wetzel. 2001). 
R ooted subm erged m acrophytes, capable of taking up N H 4+ and NO 3" th rough both 
roots and shoots (Nichols & Keeney 1976; Best & M antai 1978), are thus potentially 
faced w ith excessive N -assim ilation rates in system s w here N -concentrations in both 
sedim ent and w ater column are high.
Especially in poorly aerated  w ater layers, elevated w ater colum n N H 4+ 
concentrations can reduce the grow th and vitality  of subm erged species, such as 
Potamogeton crispus (Glänzer et al. 1977) and Stratiotes aloides (Roelofs 1991; Smolders et 
al. 1996). Growth reduction of R uppia  drepanensis occurred after enhancing pore water 
N H 4+ levels (Santam aria et al. 1994). It has been suggested th a t grow th inhibition  is 
related to the luxurious uptake and subsequent incorporation of N H 4+ in N-rich free 
amino acids, the assimilation of which requires energy and carbon that cannot then be 
used for growth (Marschner1998; Smolders et al. 1996).
The effects of high w ater colum n NO 3" concentrations on the grow th of rooted 
subm erged species are no t yet well understood . Indirectly, NO 3" may influence the 
grow th of these species. Since it is an energetically m ore favourable electron acceptor 
than iron (Fe), high NO 3" concentrations in the upper sed im ent layers may resu lt in 
decreased ortho-phosphate (PO43-) pore water concentrations by maintaining iron in an 
oxidative sta te  (Ripl 1978; Smolders et al. 1997; Lucassen et al. 2004). Consequently, 
PO43- will be better bound in the sedim ent and less PO 43- is expected to be available for 
the grow th of roo ted  subm erged p lan ts w hen com pared w ith  NO 3--poor w aters. For 
phosphorus (P)-lim ited plants this may negatively affect growth. Direct effects of high 
w ater colum n NO 3- concentrations on the grow th of roo ted  subm erged species are 
know n from m arine examples. U nrelated to light reduction  from  phytoplankton and 
epiphytic algae on leaf tissues, relatively low NO 3- enrichm ent of the w ater colum n 
directly reduced the growth of Zostera m arina  (Burkholder et al. 1992, 1994; Touchette et 
al. 2003). In contrast, NO 3" enrichm ent of the w ater colum n did no t affect H alodule  
w rightii, whereas the growth of Ruppia m aritim a  was stim ulated (Burkholder et al. 1994).
A part from high N loads, rooted subm erged species may suffer from reduced light 
availability in eutrophic system s (Sand-Jensen & S0 ndergaard 1981; Goldsborough & 
Kemp 1988). Many aspects of the sedim ent type including nutrien t availability, organic
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m atter content and redox potential may additionally affect rooted submerged plants. For 
example, organic m atte r additions to sedim ents negatively influenced the grow th of 
M yriophyllum  spicatum  (Barko & Smart 1983).
High w ater colum n NO3'  concentrations, low light availability and anoxic, m uddy 
sedim ents are hypothesized to be key factors ham pering growth of rooted subm erged 
plants in shallow, eu trophied fresh w aters, the  com bined effects of which are poorly 
understood. In this study, we investigated the relative roles and interacting effects of 
these potential stressors on survival, growth, allocation of biom ass and foliar nu trien t 
and free am ino acid conten t of P otam ogeton alpinus, a rooted subm erged species from 
moderately nutrient-rich sedim ents (De Lyon & Roelofs 1986). The species is declining 
in several parts o f w estern  Europe, presum ably  because of ongoing eutrophication  
(Preston & Croft 1997). W e determ ined the effects by using contrasting values of each 
stressor: 500 vs. 0 ^m ol NO3- L-1, reduced vs. am bient irradiance, and muddy vs. sandy 
sediment.
Materials and methods 
Species
P otam ogeton  a lp inus  (Fig. 7.1) is a circum boreal species of slowly running  w aters, 
although it may inhabit a wider range of habitats including ponds and lakes less than 1.5 
m deep (Wiegleb & Todeskino 1983; Preston 1995; Preston & Croft 1997). It grows in 
slightly acidic, neu tral or m oderately alkaline w aters th a t may be m esotrophic or 
eutrophic and is found over peaty sand, loam  and clay (W iegleb & Todeskino 1983; 
Prescot & Croft 1997). In north-w est Europe, its life cycle starts in spring from turions 
producing vertical shoots and the subsequen t grow th of e ither sto loniferous or 
rhizom atous lower horizontal shoots. A dditional vertical shoots originate from these 
'stolons’ and in the upper region horizontal shoots may grow as well. Submerged leaves 
are produced when plants start to grow and both floating leaves and inflorescences may 
arise in late spring or sum m er. Stands decline in au tum n and only turions rem ain as 
hibernating organs. New stands usually arise from turions and not from seeds (Brux et 
al. 1987).
Sediments and plant material used
Sediments were obtained from eutrophic backwaters along the Twentekanaal (52°10' N, 
6°23' E), the Netherlands, where P. alpinus had occurred for only one year (Boedeltje et 
al. 2001). They consist on the one hand of sandy sedim ent which makes up the original 
bottom  of the backwater, and on the other hand of relatively organic, muddy sedim ent 
(hereafter called 'm uddy sedim ent’), deposited on the sandy sediment. Percentage loss- 
on-ignition and n u trien t concentrations w ere higher in the m uddy than in the sandy 
sedim ent (Table 7.1). In the second week of April 2002, the sedim ents were collected, 
submerged by canal water and stored at 5 °C until the experiment started.
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Figure 7.1 Potamogeton alpinus with submerged and floating leaves in a clear running brook. It grows 
together with the submerged Callitriche obtusangula and the emergent aquatics Alisma plantago aquatica 
and Glyceria maxima.
In mid-April, young plants each consisting of c. 10 cm vertical shoot and c. 5 cm 'stolon’, 
were collected from a population in the Hagmolenbeek (52°13' N, 6°44' E), a lowland 
stream in the Netherlands. They were obtained from a single site in order to minimize 
genetic discontinuities. Plant material was transferred to the laboratory in stream water 
and stored for 16 hours at 5 °C until transplantation. Prior to allocating it to black plastic 
pots (12 cm diam eter x 20 cm deep), each sedim ent type was mixed. Before they were 
individually planted to a depth of c. 4 cm into either sand or mud, fresh masses of plants 
were determined. Hereafter, substrates were covered w ith a 1-cm layer of washed silica 
sand to m inim ize the in troduction  of suspended  sed im ent and n u trien ts  in to  the
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Table 7.1 Mean values and SE of parameters measured in the sandy and muddy sediment at the start 
of the experiment: in mmol kg-1 DW unless indicated otherwise. ANOVA, *: P < 0.01; **: P < 0.001; 
***: P < 0.0001.
Parameter Sandy sediment Muddy sediment
Mean SE Mean SE Sign.
Substrate (n = 4)
Dry matter (%) 78.0 (2 .6 ) 45.3 (0.5) ***
Org. matter (% DW) 0.78 (0 .02) 7.2 (0.09) ***
N 14.3 (7.1) 192.9 (21.4) ***
P 8.2 (2.3) 84.7 (6.4) ***
S 10.7 (3.7) 78.7 (2.5) **
K 14.0 (3.9) 31.8 (1.6) *
Ca 232 (74) 808 (28) *
Mg 49.2 (6.9) 136.6 (6 .2) **
Fe 101 (20) 656 (48) ***
overlying water (Barko & Smart 1981). An additional 19 plant individuals were dried (48 
hours at 70 °C) and weighed. The dry masses (dm) were regressed on the fresh masses 
(fm) for the estimation of initial dry mass of the transplants: dm = 0.00703 x fm (F 1,18 
= 407.4, P  < 0.0001, r2 = 0.96).
E x p e r im e n ta l  d e s ig n
The plants were grown in 24 glass aquaria (30 long x 30 cm wide x 60 cm deep), placed 
in a w ater-filled basin and m ain tained  a t 18 °C in a clim ate control room  w ith  a 
photosynthetically active radiation (PAR) of 100 ^m ol m -2 s-1 at the water surface and a 
daily photoperiod of 16 hours. The aquaria were filled w ith nu trien t solutions w ithout 
phosphorus (P) to m inim ize algal grow th. It was assum ed th a t P w ould be obtained 
from the substrates by roots (Barko & Smart 1980). Two different NO3- treatm ents were 
applied in addition to the basic m edium  composition (Table 7.2): 0 ^m ol NO3- L-1 and 
500 ,u,mol NO 3- L-1, the la tte r corresponding to w in ter and spring concentrations in 
eutrophic w aters (ILEC 2004). Each NO 3- trea tm en t consisted  of twelve aquaria, 
random ly d istribu ted  over the w ater bath. The am ounts of o ther constituen ts  added 
were selected to obtain concentrations similar to those in eutrophic waters (ILEC 2004). 
Each aquarium , equipped w ith an overflow system , received its m edium  from its own 
opaque, polyethylene stock container through black silicon tubes, at a flow rate of 0.22 L 
h -1 which was m aintained by peristaltic pumps.
Two pots w ith sandy sedim ent and two with muddy sedim ent, including the plants, 
were positioned into each aquarium. After one week of acclimatization in am bient light, 
light intensity  was reduced for twelve aquaria (randomly allocated to six aquaria with 
NO3- and six w ithou t NO 3-) using neutral-density  shade fabric w hereas am bient light 
conditions were m aintained for the other twelve aquaria over six weeks. A t a depth of 40
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Table 7.2 Solution chemistry: N = NÖ3' added; 0 = without NÖ3'. Determination of pH and 
alkalinity (in ueq L-1) made 24 h after aquaria were filled: means and (SE) are given; n = 7.
Solution and Constituent Concentration (umol L-1) Determination
Solution N + 0
CaCl2 1000
CaSÜ4 500
MgSÜ4 400
NaHCO3 2000
Solution N
KNO3 300 pH 7.55 (0.08)
Ca(NO3)2 0 O alk 2205 (52)
Solution 0
KCl 300 pH 7.57 (0.07)
CaCl2 0 O alk 2249 (69)
cm below w ater surface, PAR of the  unshaded trea tm en t was on average 62.3 ± 2.7 
umol m -2 s-1 (n = 12), of the shaded treatm ent 17.2 ± 1.1 SE umol m -2 s -1 (n = 12), the 
la tter corresponding to light conditions in eutrophic waters during the growth season. 
For example, PAR in backwaters along the Twentekanaal was 19.6 ± 1.8 umol m -2 s-1 (n 
= 20) on a cloudless day (30 May 2002, 12.00 h CET at a depth of 40 cm). PAR was 
measured with an underwater quantum  sensor (LICOR, model LI-192SB) connected to a 
quantum  photom eter (LICOR, model LI-185B).
Sampling
A Rhizon Soil M oisture Sampler (Eijkelkamp, Agrisearch Equipment) was inserted to a 
depth of 10 cm into one of each sedim ent type of each aquarium. Pore and surface water 
were sam pled after 1, 2, 3, 5 and 6 weeks from the s ta rt of the experim ent. After the 
addition  of citric acid to a final concentration of 0.6 m m ol L-1 to prevent m etal 
precipitation, w ater samples were stored at -20 °C until further analyses. Polyethylene 
bottles used for storage were a priori iodinated and acid-cleaned. Seven weeks after the 
start of the experiment, plants were harvested. Each plant was washed with water over a 
0.4 mm sieve and the shoot num bers per plant were counted. If present, the upper seven 
green, undamaged, subm erged leaves excluding the youngest three were selected to be 
analysed for free am ino acids. A fter w eighting, these leaves w ere frozen w ith  liquid 
nitrogen and stored at -20 °C until analysis. The fresh and dry m asses of additionally 
collected green leaves of 11 individuals were determ ined separately. Dry m asses (dm) 
w ere then regressed on the fresh m asses (fm) for the estim ation  of dry m ass of the 
leaves used for amino acid analysis: dm = 0.00703 x fm (F 1,10  = 2814, P  < 0.0001, r2 
= 0.99). In addition, each plant was separated into below-ground (roots and stolons) and 
above-ground (leaves, stem s, spikes) parts w hich w ere dried  (48 h a t 70 °C) and 
weighed. Absolute growth (increase of biomass on dry weight basis) instead of relative
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growth is reported because: (i) the initial weight of the plants did no t vary among the 
trea tm en ts (P > 0.2); and (ii) final m asses w ere up to 40 tim es greater than initial 
masses (cf. Cronin & Lodge 2003).
Physico-chemical analyses
Turbidity was m easured by means of a D enton FN5 turbidity  m eter, pH w ith a WTW 
SenTix 41-3 electrode. Total inorganic carbon (TIC) concentrations of w ater samples 
were determ ined by infrared gas analysis (model PIR-2000, Horiba Instrum ents, Irvine, 
USA). NO3--N and NH4+-N were determ ined colorimetrically with a Traacs 800+ auto­
analyser, using hydrazine su lphate  (Technicon 1969) and salicylate (G rasshoff & 
Johannsen 1977), respectively. O rtho-phosphate  (PO43-) concentrations w ere deter­
m ined colorim etrically w ith  a Technicon AA II system , using am m onium  m olybdate 
(H enriksen 1965). Total P and Fe w ere determ ined  by inductively-coupled plasm a 
em ission spectrophotom etry (ICP; Spectro Analytical Instrum ents, type Spectroflame, 
Kleve, Germany).
N and C concentrations of leaves w ere m easured in dried sam ples using a CNS 
analyser (type NA1500; Carlo Erba Instruments, Milan, Italy). Additionally dried material 
was ground in liquid nitrogen and digested w ith  nitric acid and hydrogen peroxide in 
Teflon vessels in a Milestone microwave oven (type mls 1200 Mega, Sorisole, Italy). P and 
Fe concentrations were then determ ined according to the m ethod described above. Free 
amino acids were extracted according to Van Dijk & Roelofs (1988) and quantified by 
m easuring fluorescence after precolum n derivation w ith  9-Fluorenylm ethyl-Chloro- 
formate and m easured using High Performance Liquid Chromatography (with a Star 9050 
variable wave length UV-VIS and Star 9070 fluorescence detector; Varian Liquid 
Chromatography, Palo Alto, USA) with norleucine as the internal standard. Twenty-two 
am ino acids w ere determ ined (alanine, arginine, asparagine, aspartic acid, gamma- 
am inobutyric acid, glutam ine, glutam ic acid, glycine, h istid ine, hom oserine, hydro- 
xylysine, isoleucine, leucine, lysine, ornithine, phenylalanine, proline, serine, threonine, 
tryptophan, tyrosine and valine). Concentrations are expressed on a dry weight basis.
Data analyses
D ata w ere tested  for norm ality  and equality of variance and, w hen necessary, log 10- 
transform ed prior to analysis. Effects of the treatm ents (sedim ent type, irradiance and 
NO 3-) on survival, b iom ass increase, am ino acid con ten t and pore w ater n u trien t 
concentrations w ere analysed by a three-w ay ANOVA, using GLM. The effects of the 
treatm ents on the final below-ground dry mass (R), the above-ground dry mass (S), the 
R : S ratio , the stem  length and the num ber of shoots w ere tested  using three-w ay 
ANCOVAS w ith final plant dry weight as covariate. As R and S biomass, shoot length, 
and the num ber of shoots are related  to p lan t size (biom ass) (M cConnaughay & 
Colem an 1999), we included final p lan t biom ass as a covariate after confirm ing the 
rela tionsh ips betw een these characteristics and final dry m ass. All analyses were 
performed using the SPSS package 11.0.
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Results
Pore water and water column
Total dissolved P concentrations were significantly lower in NO3" enriched water than in 
w ater w ithout NO3" addition and higher in muddy than in sandy sedim ent (Table 7.3). 
NO3- enrichm ent of the w ater column led to enhanced pore w ater NO 3- concentrations 
(Fig. 7.2), b u t th is effect was s trongest in sandy sed im ent as is indicated  by the 
significant substrate x NO3- interaction (Table 7.3). Pore water NH 4+ concentration was 
significantly higher in m uddy than in sandy sedim ent (Table 7.3; Fig. 7.2). Pore water 
TIC concentrations w ere solely affected by sed im ent type (Table 7.3) w hich w ere on 
average higher in muddy (15.15 ± 0.25 mmol L-1) than in sandy (12.89 ± 0.23 mmol L-1) 
sediment. Treatm ents had no effect on pore water pH which was on average 7.44 ± 0.03 
(n = 156).
T hroughou t the experim ent, the concentration  of w ater colum n PO 43- was 
significantly lower in NO3" enriched w ater (0.19 ± 0.01 umol L-1, n = 48) than in water 
w ithout NO3- (0.28 ± 0.02 umol L-1, n = 48), whereas it was no t affected by irradiance 
(Table 7.3). W ater column N H 4+ concentration did no t differ between the treatm ents 
and was overall low (6.1 ± 0.6 umol L-1, n = 96). Turbidity was not affected by light, but 
significantly decreased by NO 3" enrichm ent (Table 7.3). Differences w ere, however, 
small: 2.9 ± 0.1 ppm at low NO3" (n = 48) and 2.5 ± 0.1 ppm at high NO3" (n = 48). In 
contrast, w ater column TIC and pH were significant affected by light whereas NO 3" had 
no effect (Table 7.3). Under high and low irradiance, mean TIC concentrations were 1.56 
± 0.11 (n = 48) and 2.04 ± 0.06 mmol L-1 (n = 48), respectively, whereas pH was on 
average 8.50 ± 0.09 (n = 48) and 8.08 ± 0.03 (n = 48), respectively.
Survival, growth and allocation of biomass
The survival percentage of P. alpinus plants (Fig. 7.2) was no t significantly affected by 
the treatm ents (Table 7.3). The overall growth as expressed by the increase of biomass 
was low est in NO3- enriched water, on sandy sedim ent and under low irradiance (Fig. 
7.2; Table 7.3). Negative growth effects of w ater colum n NO3" enrichm ent were more 
pronounced in sandy than in muddy sedim ents (Fig. 7.2). The treatm ents had similar 
effects on final roo t and shoot biom ass (Table 7.3). The roo t to shoot ratio, however, 
was mainly affected by the sedim ent type (Table 7.3). Plants grown in muddy sediment 
had low er ro o t/sh o o t ratios (m ean ± SE: 0.21 ± 0.02, n = 45) than p lants in sandy 
sedim ent (0.41 ± 0.04, n = 42) (Fig. 7.2). The num ber of shoots per plant was lower in 
the sandy sedim ent, a t low irradiance and in NO 3- enriched w ater (Fig. 7.2). Shoot 
length was mainly affected by light availability (Table 7.3), shoots being shorter under 
unshaded (31.0 ± 1.3 cm, n = 183) than  under shaded (40.3 ± 2.0 cm, n = 113) 
conditions. However, on sandy sediment, NO3- enriched water resulted in shorter shoots 
(27.1 ± 3.2 cm, n = 38) than water w ithout NO3" (33.0 ± 2.1 cm, n = 6 6 ) as indicated 
by the significant substrate x NO3- interaction (Table 7.3).
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Table 7.3 Effects of substrate type (S), irradiance (I) and nitrate concentration (N) on: (a) pore and 
surface water concentrations of some parameters (three-way ANOVA); (b) survival and biomass 
increase (three-way ANOVA); (c) final root (=below-ground) and shoot (=above-ground) biomass, 
the root (R) : shoot (S) ratio, the number of shoots and length of shoots (three-way ANCOVA), and: 
(d) foliar nutrient and free amino acid concentration (three-way ANOVA). For all main effects and 
their interactions, the degrees of freedom, F-ratios and significance levels (*P < 0.05; **P < 0.01; ***P 
< 0.001; NS = not significant) are shown.
d.f. (effect)
S
1
I
1
N
1
S x I 
1
S x N 
1
I x N 
1
S x I x N 
1
d.f.
(error)
Biomass
(a)
Pore water
- P o -p* 95.0*** 1.8NS 2 .1NS 1.9NS 0.2NS 0.3NS 0 .1NS 148
P 573.0*** 0.3NS 5.3* 0.4NS 0.3NS 0.4NS 0 .1NS 148
NO3- 43 7*** 7.4** 92.4*** 0.5NS 47.5*** 5.1* 0.5NS 148
NH4+ 816.1*** 0 .2NS 3.0NS 1.6NS 0.9NS 1.3NS 0 .0NS 148
TIC 1161.1*** 5.0* 0 .1NS 3.9* 0.2NS 0.3NS 1.0NS 148
Surface water
Turbidity 0 .6NS 4.5* 0.3NS 92
TIC 14.6*** 0 .0NS 0 .0NS 92
pH 19.7*** 1.4NS 0.4NS 92
- P O -P* 0 .1NS 11.1** 0.2NS 92
NH4+ 0 .0NS 0.5NS 0.4NS 92
(b)
Survival % 0.9NS 2 .6NS 0 .8NS 0 .8NS 0.3NS 0.8NS 0.3NS 40
Biomass increase* 27 0*** 18.5*** 7.1** 1.9NS 0.2NS 0 .1NS 0.3NS 79
(c)
Root biomass 5.2* 6 .8* 4.4* 1.3NS 2.7NS 3.7NS 0.9NS 78 124***
Shoot biomass 5.2* 6 .8* 4.4* 1.3NS 2.7NS 3.7NS 0.9NS 78 5149***
R : S ratio 14.8*** 1.3NS 1.2NS 5.1* 1.1NS 1.4NS 0.2NS 78 4.1*
Number of shoots 7.7** 20.8*** 14.0*** 2.3NS 1.3NS 2.7NS 1.0NS 78 148***
Length of shoots 0.9NS 35.9*** 0 .0NS 0 .1NS 4.4* 0 .0NS 0 .0NS 287 628***
(d)
N* 21 5*** 2.9NS 30.0*** 3.4NS 8 .0** 0.5NS 8 .8** 33
C 4.7* 0 .1NS 6 .1* 1.6NS 0.5NS 2.4NS 0.3NS 33
C : N ratio 14.5*** 3.8NS 19 1*** 3.2NS 8.5** 3.5NS 8 .2** 33
P 7.3* 1.7NS 0.4NS 0.2NS 1.2NS 0.2NS 2 .1NS 33
N : P ratio 0.4NS 0.4NS 1.4NS 1.6NS 4.7* 0.2NS 0 .0NS 33
Total free amino acids* 5.0* 6 .6* 17.8*** 0 .0NS 6.3* 0 .1NS 1.1NS 22
% amino acids of N 0.7NS 5.4* 7.1* 0.2NS 2.7NS 0.9NS 0 .0NS 22
% ASN of amino acids 0 .1NS 6 .1* 3.5NS 0.7NS 0.7NS 0 .0NS 0.7NS 22
* logio-transformed
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Figure 7.2 The effect of sediment type, irradiance and water column NO3- concentration on pore 
water PO43-, NO3- and NH4+ concentrations (per L sediment; n = 20 for each bar), survival (n = 6 
for each bar), biomass, root/shoot ratio and shoot numbers (n = 10,11, 12,12, 11,9, 11,11), foliar 
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3,4 5,5 3,4 3,3) of P. alpinus plants. Values are means + SE. Shaded: reduced irradiance of c. 17 
^mol m-2 s-1; unshaded: ambient irradiance of c. 62 ^mol m-2 s-1, at a depth of 40 cm.
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Foliar concentrations o f  N, C, P and free amino acids
Growth in NO 3- enriched w ater and on a sandy sedim ent resulted in significant lower 
foliar N and C concentrations than in the contrasting treatm ents (Table 7.3; Fig. 7.2). 
The adverse NO 3- effect on foliar N  was m ost pronounced on sand as indicated by the 
significant substra te  x NO 3- in teraction  (Table 7.3). The C /N  ratio  was significantly 
enhanced by w ater column NO3- enrichm ent and on sand (Table 7.3; Fig. 7.2). Foliar P 
concentration was higher on a muddy (175 ± 8 ^m ol g-1 DW, n = 17) than on a sandy 
sedim ent (145 ^m ol ± 6.0 ^m ol g-1 DW, n = 24) (Table 7.3). The N /P  ratio ranged on 
average from 7.5 to 9.9 and was lowest in NO3- enriched water on a sandy sedim ent as 
indicated by the significant substrate x NO3- interaction (Table 7.3). Light availability did 
not affect the N, C and P concentrations (Table 7.3).
Foliar free amino acid concentration was lowest under high NO3- and high irradiance 
and on a sandy sediment-(Table 7.3; Fig. 7.2). The free amino acid concentration showed 
a positive re lationsh ip  w ith the to tal N concentration  [equation: A m ino acid 
concentration = 167.84 x Ln (N-concentration) - 1236.71; f 1,28 = 27.51, P < 0.0001, R2 
= 0.50]. The fraction of N present in free amino acids ranged from 2.9 to 4.3% and was 
h ighest at low irradiance and low NO 3- conditions (Fig. 7.2; Table 7.3). A sparagine 
dom inated the free amino acid pool (42.6 ± 2.0% of the total concentration), aspartic 
acid (10.2 ± 0.4%), glutamine (9.8 ±0.4% ) and gamma-aminobutyric acid (9.7 ± 0.7%) 
coming after. The total foliar free am ino acid concentration and biomass increase were 
not correlated (Pearson’s correlation coefficient 0.20, P  = 0.290).
Discussion
Growth reduction as a result o f nitrate enrichment
W hen exposed to elevated NO3- concentrations of the w ater layer, P. alpinus showed a 
m arked reduction in growth, shoot density and foliar N and C concentrations whereby 
this effect was m ost pronounced on a sandy sediment. Three potential explanations for 
these observations will be discussed.
As it is an energetically m ore favourable electron acceptor than  Fe, high NO 3- 
concentrations in the upper part of sediments may prevent the reduction of Fe resulting 
in decreased PO43- pore w ater concentrations (Ripl 1978; Lucassen et al. 2004). In our 
experim ent, pore w ater PO43- concentrations did no t significantly differ betw een the 
NO3- treatm ents, although w ater colum n PO43- concentrations w ere indeed lower in 
NO 3- enriched w ater. However, shoo t tissue P -concentrations w ere no t significantly 
affected a t high w ater colum n NO 3- concentrations. In fact, tissue P concentrations 
remained w ithin the range that is considered to be optimal for plant growth (Marschner
1998).
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Turbidity of the w ater layer was lower in NO 3- enriched w ater than in w ater w ithou t 
NO3- addition. Along with the lower w ater column PO43- concentration, this observation 
indicates that neither increased phytoplankton production nor epiphytic cover (Phillips 
et al. 1978) contributed to the reduced growth of P. alpinus.
A lthough N H 4+ is the preferred source of inorganic N for several rooted  subm erged 
plants including P. alpinus (Jorga & W eise 1981), NO 3- can be absorbed by roots and 
shoots as well (M elzer & Exler 1982; Cedergreen & M adsen 2003). In the ir natural 
environm ent, however, species such as P. alpinus grow on sedim ents w ith high NH 4+  
concentrations (De Lyon & Roelofs 1986). Typically, sedim ent NH4+ concentrations are 
m ore than 10 tim es higher than NO 3- concentrations in the w ater layer (De Lyon & 
Roelofs 1986). NH 4+, taken up by the roots, will therefore be the natural N source for 
this species. In well-buffered sedim ents, NH 4+ uptake by the roots will have im portant 
advantages as NH 4+ assimilation involves low metabolic costs while the required release 
of H+ will n o t lead to unfavourable decreases of the pH in the rooting  m edium  or 
rhizosphere (Runge 1983; M arschner 1998).
A high NO3- availability in the w ater layer may induce nitrate reductase (NR) activity 
in the shoots of species th a t are norm ally adapted  to N H 4+ assim ilation  (Nichols & 
Keeney 1976; Schuurkes et al. 1986; M arschner 1998). Therefore it is very likely that P. 
alpinus plants subjected to high w ater column NO3- concentrations assim ilated NO3- by 
the ir shoots. However, N H 4+ or the products of N H 4+ assim ilation  can inh ib it the 
induction  of NR or even inactivate NR (Schwoerbel & Tillm anns 1974; N ichols & 
Keeney 1976; Runge 1983; M arschner, 1998). In our experim ent, N H 4+ and its 
assim ilation products w ere transported  to the shoots after uptake by the roots. 
Assimilation of NO3- by the shoots may be expected to have been highest on the sandy 
sedim ent where the dissolved NH4+  concentration in the sedim ent was lowest.
In the sandy sediment, high NO3- concentrations resulted in the strongest inhibition 
of plant growth. Uptake, reallocation and reduction and assim ilation of NO3- by plants 
have a much higher energy and carbon requirem ent than NH4+  uptake and assimilation 
(Runge 1983; M arschner 1998). NO3- versus NH 4+ assimilation will strongly affect the 
levels of organic anions in the plants. It is suggested that individual plant species need a 
specific level of organic anions for optimal growth and that they will be impaired if they 
are unable to m aintain  the ir optim al level (Runge 1983). W e hypothesize th a t NO 3- 
dom inated N-assimilation may lead to strong metabolic disturbances in species adapted 
to NH 4+ uptake by the roots (such as P. alpinus) resulting in the observed reduction in 
growth and foliar N -content under high w ater column NO3- concentrations. The much 
higher pore w ater NO 3- concentrations in sandy sed im ent relative to the m uddy 
sediment, m ight have aggravated these negative effects.
The leaves of P. alpinus display an amino acid pattern similar to that of P. pectinatus, 
P. natans and Zannichellia  pa lustris  in which asparagine is the dom inant am ino acid as 
well (Janauer 1976). N either the foliar N conten t, nor the foliar free am ino acid 
concentration , nor the am ount of N sto red  in free am ino acids w ere higher in NO 3-
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treated leaves. Overall, the fractions of N present in free amino acids (2.9 - 4.3%) are far 
below the percentages (>  20 %) th a t are found in p lants subjected  to a relative N- 
overload (Sm olders et al. 1997; Sm olders et al. 2000). These resu lts indicate th a t a 
relative N-overload was unlikely the mechanism that led to reduced growth of P. alpinus 
at high NO3-.
Sediment and irradiance effects
Pore w ater concentrations of N H 4 + and PO43- in m uddy sed im ent w ere significantly 
higher than those in sandy sedim ent. Since both  p lan t grow th and tissue n u trien t 
concentration tend to be positively correlated with nutrient supply when other resources 
are sufficiently available (Güsewell & Koerselman 2002), it is likely th a t the reduced 
growth and relatively low foliar N and P concentrations of sand-grown plants relative to 
mud-grown plants reflect a lower availability of interstitial inorganic N and P. Previous 
stud ies have reported  sim ilar su b stra te  effects on the grow th of roo ted  subm erged 
species (Idestam -A lm quist & Kautsky 1995; H angelbroek et al. 2003). A lthough a 
negative rela tionsh ip  is know n betw een aquatic p lan t grow th and the proportion  of 
organic m atter in sediment, the organic m atter content of muddy sedim ent in our study 
(7.2%) is well below the concentration (~ 15%) at which grow th inhibition of rooted 
submerged species occurred at lake sediments (Barko & Smart 1983).
On the sandy sedim ent, p lants allocated m ore resources to the  grow th of below- 
ground structures than at muddy sediment, resulting in a higher roo t/shoot ratio which 
is generally associated w ith  p lants growing in nu trien t-p o o r hab ita ts (Chapin 1980; 
Tilm an 1988). This feature is consisten t w ith  allocation p a tte rn s  observed in o ther 
aquatic (Idestam -A lm quist & Kautsky 1995; C ronin & Lodge 2003) and terrestria l 
(W ilson 1988) species. O ur results imply that a low ro o t/shoo t ratio may be expected 
for rooted submerged species growing in shallow waters featured by the accumulation of 
nutrient-rich, muddy sediment. As such waters are frequently exposed to wind or boat- 
induced w ater currents (Boedeltje et al. 2001), this feature may be disadvantageous for 
plant survival because a high ro o t/sh o o t ratio is a prerequisite to resist the uprooting 
effects of water currents (Barrat-Segretain 2001). Transplantation experiments of young 
P. alpinus p lants into m uddy sedim ent of canal-influenced backwaters indeed showed 
that, w ithin two weeks after transplantation, 90% of the plants were uprooted whereas 
this was only 1 0 % for plants transplanted into the firm sedim ent of the stream  within 
the source population (Boedeltje unpublished results).
Low light availability resulted in reduced photosynthetic activity as can be deduced 
from the higher TIC concentrations of the w ater colum n at low irradiance relative to 
high light conditions. Therefore, growth at reduced irradiance resulted in significantly 
decreased biomass yield. As the low light conditions in our experim ent correspond to 
those observed in backw aters along navigation canals and o ther eutrophic shallow  
w aters of tem perate regions, these resu lts confirm  th a t low light availability is a key 
factor hampering the growth of rooted submerged species in these systems (Sand-Jensen 
et al. 1989; W eisner et al. 1997). Shoot elongation under low irradiance, w hereby
145
Chapter 7
photosynthetically active tissue is concentrated at or near the w ater surface, has been 
generally observed in o ther freshw ater species (Pilon & Santam aria 2002; C ronin & 
Lodge 2003). The reduction in the num ber of shoots per plants at low light is consistent 
w ith the observation of Barko & Smart (1981) a t other submerged macrophytes.
Conclusion
Low ligh t availability ham pers the grow th of subm erged p lants in eu troph ied  fresh 
waters. High w ater column NO3- concentrations, however, can also significantly reduce 
the growth of such species as was dem onstrated for P. alpinus, particularly at sediments 
w ith a relatively low nutrient availability. Until now, the potential direct negative effects 
of very high NO 3- concentrations on the grow th of roo ted  subm erged aquatic 
m acrophytes have been largely overlooked. A lthough w ater colum n concentrations as 
high as 500 ^m ol L-1 are uncommon under natural conditions, at present such values are 
no exception anymore due to anthropogenic causes. Further experiments are needed to 
assess the impacts of water column NO3- enrichm ent on other rooted submerged species 
and to further elucidate the underlying physiological mechanisms of growth reduction.
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Interactions between sediment propagule 
banks and sediment nutrient fluxes 
explain floating plant dominance in 
stagnant shallow waters
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Abstract
Mats of floating plants are known to have detrimental effects on aquatic life as they reduce 
the penetration of light so that submerged species are unable to develop. These mats also 
prevent gaseous exchange between water and atmosphere resulting in anoxic conditions of 
the water layer. In shallow waters, nutrient fluxes from the sediment to the water layer are 
expected to play a key role in the shift to floating plant dominance. This study investigated 
the potential recruitment and development of duckweed mats from propagule banks in field 
enclosures containing either muddy or sandy sediment. It was observed that free floating 
fronds of Lemna minor were derived from both sediment types, but that dense duckweed 
mats developed exclusively in enclosures w ith muddy sediment. The results can be 
explained by differences in nutrient release from the sediments to the overlying water during 
summer, when high fluxes, especially of phosphorus and nitrogen, were observed almost 
exclusively in enclosures with muddy sediment involving anoxia of the water layer. This 
study discusses the results in relation to free floating plant dominance and the management 
of shallow waters.
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Introduction
M ats of free floating p lan ts including duckw eeds (Lemnaceae) are know n to have 
detrim ental effects on aquatic life. The penetration of light is strongly reduced so that 
subm erged species are unable to develop (Sculthorpe 1967) and gaseous exchange 
between w ater and atm osphere is precluded resulting in anoxic conditions of the water 
layer (Morris & Barker 1977; Janse & Van Puijenbroek 1998). Therefore, restoration 
efforts focused on reducing free floating p lan t dom inance in favour of recovering 
submerged vegetation will highly enhance aquatic biodiversity.
Dominance of Lemnaceae is related to high nu trien t (P en N) concentrations of the 
water column (De Groot et al. 1987). In experimental ditches receiving different levels of 
external nutrient input, it was found that the submerged Elodea nu tta llii was replaced by 
the free floating Lem na m inor  a t high n u tr ien t load (Portielje & Roijackers 1995). In 
com petition experim ents including E. n u tta llii  and Lem na gibba, Scheffer et al. (2003) 
dem onstrated  as well tha t L. g ibba  became dom inant exclusively at high n u trien t (N) 
concentrations of the w ater, E. n u tta ll ii  a t low concentrations, w hereas a t m oderate 
n u trien t concentrations the experim ents ended in either floating or subm erged plant 
dom inance depending on the initial biomass of the species. Reducing the external and 
in ternal n u tr ien t load of shallow  w aters is therefore required  for the  sh ift from  free 
floating to submerged vegetation.
A fter reducing the external n u tr ien t in p u t and m echanical rem oval of duckweed 
layers, sedim ents may play the major role in (renewed) development and m aintenance of 
duckweed layers. First, sedim ent propagule banks can be a source of duckweed fronds 
from  w hich free floating vegetation may derive. Second, nu trien t-rich  sed im ent can 
significantly im pact the nu trien t load of shallow w aters (Van Luijn et al. 1999; W etzel
2 0 0 1 ) and therefore the developm ent of duckweed mats from single propagules would 
no t be nu trien t-lim ited . W hether, a t high n u tr ien t concentrations, the presence of 
duckweed propagules results ultimately in dense, floating layers, additionally depends on 
wind and wave action (Scheffer et al. 2003).
This study investigated the potential development of duckweed mats from Lemna-rich 
propagule banks in field enclosures with two contrasting sediments. It was conducted in 
a relatively exposed, eutrophic backwater along a navigation canal w here thick layers of 
nutrient-rich, muddy sedim ent were deposited (Boedeltje et al. 2001). It was shown that 
sim ilar densities of Lemna-propagules occurred in both superficial (muddy) and deeper 
(sandy) sedim ents (Boedeltje et al. 2003b), bu t this system  has never been faced with 
duckw eed dom inance. By contrast, the  w ater layer of these sites is dom inated  by 
planktonic algae and cyanobacteriae in sum m er (Van Beek 2000). Its Lem na-free  state is 
likely the re su lt of boat-induced w ater curren ts as in m ore isolated  parts o f these 
backwaters, where such currents are absent, duckweed dominance does occur (Boedeltje 
et al. 2001). To obtain two contrasting sedim ents, in four ou t of eight enclosures the 
m uddy layer was removed and here the initially sandy sedim ent surfaced, in the others 
the muddy layer was not removed. During one year, the effect of the presence or absence
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of m uddy sed im ent was investigated  on: (i) tem poral variation of n u tr ien t concen­
tra tions in pore w ater and the w ater colum n; (ii) vegetation developm ent; and (iii) 
nutrient fluxes from sediments to the water column.
It was hypothesized that the Lemna-free state would turn to a Lemna-dominated state 
in enclosures w ith m uddy sedim ent. In contrast, such shift was no t expected to occur 
w hen sandy sed im ent w ith sim ilar densities of Lem na-propagules w ould be presen t, 
because nutrient-fluxes from sandy sedim ent are small compared w ith muddy sediment 
(Van Luijn et al. 1999). The results are discussed in relation to nature restoration and 
development strategies to avoid floating plant dominance and concom itant biodiversity 
loss.
Materials and methods 
Study site
From December 2000 until December 2001 inclusive, the study was conducted in a wave- 
pro tected  w ater zone (backwater) along the Tw entekanaal, a navigated canal in the 
Netherlands (52°11' N, 6°28' W). This 200 m long, 6 m wide and 0.5 m deep backwater is 
separated from the main water body by steel sheet piles (Boedeltje et al. 2001). Three 0.5 
m wide gaps in these piles facilitate water exchange between backwater and canal. Apart 
from the surroundings of the gaps, deposition of resuspended sediment derived from the 
navigated canal and of organic m atter takes place across the backwater resulting in the 
accum ulation of m uddy sedim ent. In 2000, the initially sandy bottom  (sedim ent) was 
covered by 13.6 ± 3.1 cm (mean ± SE) muddy sediment. Percentage loss-on-ignition of 
this muddy sedim ent was significantly higher than that of the upperm ost part (0 - 5 cm) 
of the sandy sediment; the same holds for total P, N, Fe and Mn (Table 8.1).
The mean num ber m -2 of Lemna m inor turions (212 ± 82) found in the surface (0 - 5 
cm) layer of the muddy sedim ent did not significantly differ from that of the upperm ost 
(0 - 5 cm) part of the sandy sedim ent (262 ± 216) (Boedeltje et al. 2003b). The water 
m argins of the backw ater w ere characterised  by stands of P hragm ites australis. 
Potamogeton pectinatus and L. m inor occurred occasionally in the open water.
Table 8.1 Concentrations (means + SE; n = 4) of parameters measured in the sandy and muddy 
sediment (0 - 5 cm) in January 2002. d: P < 0.0001 (one-way ANOVA).
Parameter Sandy sediment Muddy sediment
Sign.Mean SE Mean SE
Organic matter (% DW) 1.3 (0.4) 9.2 (0.7) d
N (umol g-1 DW) 28.6 (14.3) 193 (21 ) d
P (umol g-1 DW) 8.2 (2.3) 84.9 (6.5) d
Fe (umol g-1 DW) 101 (20) 657 (49) d
Mn (umol g-1 DW) 1.5 (0.4) 16.4 ( 1.2) d
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Experimental set-up and sample collection
Eight enclosures consisting of transparent polycarbonate cylinders (0  0.5 m, height 1.3 
m, open on both sides) were pushed into the sedim ent of the backwater to a depth of 50 
cm. In four replicates the m uddy sedim ent layer was present; in four others this layer 
had been conscientiously removed by hand. The enclosures were alternately placed in a 
line, 3 m from the sheet piles (see photo at the start of this Chapter).
To obtain pore w ater, two ceramic soil m oisture sam plers (Eijkelkamp Agrisearch 
Equipm ent) w ere placed in to  the sed im ent of each enclosure a t depths of 0 - 10 cm. 
Each sam pler was connected to a polyethylene tubing protruding above w ater surface. 
Samples were obtained w ith syringes connected to the free end of the tubing. The first 
50 mL were discarded to exclude dead volume water. A t the sam e date, surface water 
sam ples were collected in iodated polyethylene bottles at 2 0  cm below w ater surface. 
Sam pling occurred m onth ly  betw een 8.00 and 10.00 h a.m. In May, June and July, 
additional water samples were taken for chlorophyll-a determinations.
Monthly, cover percentages of L. m inor and floating algae were estimated. In addition, 
potentially emerging submerged plants were counted. In September, samples of L. minor 
were obtained by pressing an edge cylinder ( 0  1 1  cm; open at both sides) through the 
duckweed m at and collecting the plants inside this cylinder. To test w hether and how 
many propagules were present in the propagule banks after the experim ent had ended, 
five sedim ent cores (surface area 100 cm2, 5 cm depth) per enclosure were collected for 
germ ination experim ents. Per enclosure the cores w ere pooled in to  one sam ple and 
treated  according to the seedling-em ergence technique of Boedeltje et al. (2002). For 
chemical analyses, three additional sedim ent samples (0 - 5 cm) were taken from each 
enclosure using a Plexiglas coring tube (0  60 mm) and pooled.
Sample handling and analyses
T em perature and O 2 concentration of the w ater layer w ere recorded in situ  a t 20 cm 
below  w ater surface w ith  a W TW  CellOx 325 sensor, pH w ith a W TW  SenTix 41-3 
electrode. Redox potential (the average of 3 replicates per enclosure) was determ ined in 
the upper 5 - 8 cm of the sedim ent with a W TW Pt Ag/AgCl electrode and converted to 
the norm al hydrogen potential (Eh). W ater column chlorophyll-a concentrations were 
determ ined  according to Roijackers (1981). Surface w ater was filtered through a 
W hatm an GF/C filter. Citric acid was added to a final concentration of 0.6 mmol L-1 to 
prevent m etal precipitation. Because of high Fe-concentrations, additional pore water 
sub-samples were acidified with 65% HNO 3 (200 ^L HNO3 per 20 mL pore water).
Duckweed and sed im ent sam ples w ere dried a t 70 °C and 105 °C, respectively. 
Duckweed biom ass of the enclosures was estim ated by m ultiplying the m easured dry 
w eight of each sam ple by the surface area-ratio of enclosure and sam ple cylinder. Of 
each dried sample, 200 mg were digested in a m ixture of 1 mL 30% H2O2 and 4 mL 65% 
HNO3 in a Milestone microwave type mls 1200 Mega and finally diluted to 100 mL with 
bidistilled water. Herein total concentrations of dissolved Fe, Mn and P were determined 
by inductively-coupled plasma emission spectrophotom etry (ICP; Spectroflame, Spectro
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Analytical Instrum ents, Kleve, Germany). O rtho-phosphate (PO43-) concentrations were 
measured colorimetrically w ith a Technicon AA II system, using am m onium  molybdate 
(H enriksen 1965). N itra te  (NO 3--N) and am m onium  (NH 4+-N) w ere determ ined  
colorimetrically with a Traacs 800+ auto-analyser, using hydrazine sulphate (Technicon 
1969) and salicylate (Grasshoff & Johannsen 1977), respectively. Organic m atter was 
determ ined as loss-on-ignition (5h at 550 °C). N and C concentrations of L. m inor were 
m easured in dried sam ples using a CNS analyzer (Carlo Erba In strum en ts NA1500, 
Milan, Italy).
D ata analyses
The ne t flux of N, P, Fe and Mn from  the sed im ent to the w ater colum n in each 
enclosure was estim ated  for two periods of 150 days each (December-M ay and May- 
October) using the equation:
F = C150 -  C0 x V  + CLemna150 x BLemna150 -  CLemna0 x BLemna0 x 1 
t 150 -  t0 A  t 150 -  t0 A
F = net flux (mmol m -2d-1)
C0, C150 = concentrations (mmol L-1) of the water column at time t 0 and t 150 
1150 - t0 = time (in days)
V  = volume of the cylinder (L)
A  = area of the cylinder (m2)
CLemna0, CLemna150 = Concentration (mmol g-1 DW) in L. minor tissue at time t0 and t 150 
BLemna0, BLemna150 = Biomass (g DW) of L. m inor at time t0 and t 150
SPSS version 11.0 (SPSS Inc., Chicago, USA) was used to perform  statistical analyses. 
Percentages were arcsin square-root transformed and other data were log10-transformed 
to increase hom ogeneity  of variances and norm ality  (Zarr 1999). To exam ine the 
response of (pore)w ater param eters and L. m inor to the treatm ent during the research 
period, the GLM (General Linear Models) procedure for repeated measures, model one­
way ANOVA, was used. A conservative P-value (Greenhouse-Geisser) was calculated to 
examine the significance of time and interaction effects. Differences at a given time were 
tested w ith a one-way ANOVA (a  = 0.05). Differences betw een the m ean num ber of 
propagules per sedim ent type were also tested using a one-way ANOVA. Homogeneity 
of variance was tested and established with a Levene’s test.
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Results
T e m p o r a l v a r ia t io n  in  (p o r e )w a te r  p a r a m e te r s
A t the start, redox potential (Eh) of muddy sedim ents was significantly (F = 71.2, P < 
0 .0 0 0 1 ) lower than that of sandy sedim ents and this difference continued to exist until 
the end of the  experim ent (Fig. 8.1). D uring spring and sum m er, the average Eh of 
muddy sedim ents dropped from c. 45 mV in March to values between -10 and 0 mV in 
the period July to Septem ber, w hereas Eh of sandy sedim ents, by contrast, decreased 
from c. 200 mV to 80 mV in the sim ilar period (Fig. 8.1). From October onwards, Eh 
increased again for both treatm ents.
From January onwards, a thin layer of filamentous algae became attached to the inner 
walls and sedim ents of all enclosures. As a result, the  O 2 concentration of the  w ater 
column of all enclosures increased between January and April (Fig. 8.1). From April to 
June, the O 2 concentration decreased in both treatm ents but was still elevated compared 
w ith that of the start (F = 8.7, P < 0.01; Fig. 8.1). Between July and November, the O2 
concentration of the enclosures w ith muddy sedim ent was significantly (F = 93.4, P < 
0.0001) lower than that of the enclosures with sandy sedim ent (Fig. 8.1). In September, 
the w ater colum n of the enclosures w ith m uddy sedim ent was nearly anoxic w ith O 2 
concentrations ranging from 6 to 16 ^m ol L-1. From December to May, pH of the water 
layer increased from c. 7.4 to 9.7, but it decreased to c. 8.0 for both treatm ents in June- 
July (Fig. 8.1). Between July and D ecem ber, the  pH of the  enclosures w ith  m uddy 
sedim ent was significantly (F = 37.6, P < 0.001) lower than that of the enclosures with 
sandy sedim ent (Fig. 8.1).
For both treatm ents, the average NO3- concentration of the surface w ater dropped 
rapidly from c. 400 ^m ol L-1 a t the sta rt to <1 ^m ol L-1 in May (Fig. 8.1). Pore w ater 
NO3- concentration of the sandy sedim ent showed a sim ilar course; tha t of the muddy 
sedim ent was below 1 ^m ol L-1 throughout the experiment (Fig. 8.1). Pore w ater NH 4+ 
concentration was significantly higher in the muddy sedim ent compared w ith that of the 
sandy sedim ent (Appendix 8.1; Fig. 8.1). During summer, NH4+ levels in the pore water 
of m uddy sedim ents increased to values as high as 1200 ^m ol L-1 (Fig. 8.1). As to the 
N H 4+  concentration  of the  surface w ater, there  was a significant sed im ent effect 
(Appendix 8.1), w hich was notably visible in July. Then, the N H 4+ concentration  in 
enclosures w ith muddy sedim ent was on average 13 ^m ol L-1, significantly (F = 27.2, P  
= 0.002) higher than that in the enclosures with sandy sedim ent (3 ^m ol L-1).
T hroughou t the experim ent, pore w ater Fe concentration  was higher in m uddy 
sedim ent than in sandy sedim ent (Appendix 8.1; Fig. 8.1). The same held for Mn and P 
(Appendix 8.1; graphs not shown). From July to September, surface water Fe and PO43- 
concentrations were significantly higher in the enclosures with muddy sedim ent than in 
the enclosures w ith sandy sedim ent (F = 65.4, P < 0.0001 and F = 47.3, P < 0.0001, 
respectively; Fig. 8.1). For Mn en P concentrations, similar peaks were m easured in the 
surface water of enclosures with muddy sedim ent only (graphs not shown).
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period (months) period (months)
Figure 8.1 Course of sediment-redox potential (Eh), Lemna minor-cover and some (pore)water 
parameters from December 2000 to December 2001. Mean values (+ SE) are given (n = 4).
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Vegetation development and propagule bank
From June onwards, c. 30 ± 15% (SE) of the water surface of the enclosures with muddy 
sedim ent was covered by filamentous algae. In contrast, no algal growth was observed at 
the w ater surface of the enclosures w ith  sandy sedim ent. On average, chlorophyll-a 
concentration did no t change significantly (F = 1.12, P  = 0.33) over the period it was 
determ ined (May-July) and no sedim ent effect could be dem onstrated  (F = 0.43, P  = 
0.53). Over this period, its concentration was on average 9.9 ± 2.4 ^g/L  (n = 24). Apart 
from  Z ann ichellia  p a lu s tr is  em erging in May from  the m uddy sed im ent in only one 
enclosure, no other submerged and emergent aquatic species were observed.
Figure 8.2 View of a part of the experimental set-up in September 2001. In the enclosures with 
muddy sediment (M) a mat of Lemna minor has developed, in the enclosures with sandy sediment 
(S) only a few duckweed plants can be observed.
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In April, the first fronds of L. m inor became visible in all enclosures, bu t during spring 
and early sum m er no further growth was observed. In August, however, all enclosures 
with muddy sedim ent were covered by a duckweed mat, whereas on the water surface of 
enclosures w ith sandy sedim ent only few duckweed plants were presen t (Fig. 8.1; Fig. 
8.2). In September, the average L. m inor biomass m -2 was estim ated at 537.6 ± 61.1 g 
DW for muddy sedim ents, versus 1.0 ± 1.0 g DW for sandy sedim ents. In this m onth, 
Zannichellia palustris had disappeared from the w ater column.
Germination experiments of sedim ent samples showed that L. m inor propagules were 
present in all enclosures bu t that the average densities were significantly (F = 14.4; P < 
0.01) higher in muddy sedim ent (11,985 ± 7,373 m -2) than in sandy sedim ent (265 ± 
219 m -2). Moreover, propagule density of L. m inor in muddy sedim ents was significantly 
(F = 15.5; P < 0.01) higher than the density estim ated before the experim ent started 
(214 ± 82 m -2). Over the sam e period, L. m inor  propagule density  in the  sandy 
sedim ents did not change (F = 0.2; P = 0.9). From muddy sedim ents only, Zannichellia  
pa lustris  em erged at low densities (25 ± 1 9  m -2). A dditionally, propagules of several 
semi-aquatic and terrestrial species were found (results no t shown; see Boedeltje et al. 
2003b).
Nutrient fluxes from  sandy and muddy sediments
From December to May, there was net loss of N from the w ater column of c.1.60 mmol 
m -2 d-1 for both treatm ents (Table 8.2). N et P-losses were not observed and net losses of 
Fe and Mn from the water layer were very low (0.02 mmol m -2 d-1) for both treatm ents 
(Table 8.2).
From May to October, there were relatively high net fluxes of N, P, Fe and Mn from 
the muddy sedim ent to the w ater column (Table 8.2). N et N and P fluxes to the water 
column were estim ated at 4.35 and 0.46 mmol m -2 d-1, respectively (Table 8.2). In en­
closures with sandy sediment, by contrast, a negative net N flux (of 0.05 mmol m -2 d-1) 
to the sedim ent was still found, whereas for P, Fe and Mn no or very low net fluxes to 
the water column were found (Table 8.2).
Discussion
The hypothesis that there would be a shift from a Lemna-free to a Lemna-dominated state 
in enclosures with muddy sediment, was supported by the results. Because at the start of 
the experiment no duckweed fronds were observed, the plants found at the water surface 
from  April onw ards, m u st have originated from  dispersal or from  propagule banks. 
Given the presence of wave-breaking sheet piles between backwater and canal and the 
elevation of the cylinders above the water level, it is unlikely that L. m inor fronds were 
dispersed into the enclosures from the main water body. Although waterbird-m ediated 
diaspore transport of duckweeds is also known (Ridley 1930), it is m ost likely tha t L. 
minor fronds were derived from propagule banks. According to Boedeltje et al. (2003b),
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Table 8.2 Net fluxes of N, P> Fe and Mn from sediments to the water column for December-May (= period 1) and for May- 
October (= period 2). Data represent average amounts (+ SE) dissolved in the water column and fixed in L. minor biomass. 
For biomass in the enclosures with sandy sediment: n = 2, otherwise: n = 4; x = Lemna biomass absent.
Parameter N P Fe Mn
Sediment Sandy Muddy Sandy Muddy Sandy Muddy Sandy Muddy
Period 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Dissolved -1 .56 -0 .06 -1 .64 0.02 0.00 0.01 0.00 0.01 -0 .02 0.01 -0 .02 0.08 -0.02 0.00 -0.02 0.18
SE 0.04 0.04 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.06
In biomass 
SE
X 0.01
0.00
X 4.33
0.39
X <0 .0 1 X 0.45
0.14
X <0 .0 1 X 0.75
0.16
X 0.00
0.00
X 0.26
0.09
Total -1 .56  -0 .05  -1 .64  4 .35  0.00 0.01 0 .00 0 .46 -0 .02 0.01 -0 .02 0.83 -0 .02 0 .00 -0 .02 0.44
Sediment nutrient fluxes and duckweed dominance
the muddy as well as the sandy sediments (0 - 5 cm) contained more than 200 L. minor 
propagules m -2. The resu lts of the germ ination  experim ents of sed im ent sam ples 
confirm the presence of L. m inor propagules in the enclosures with sandy sediment.
The significant increase of the surface water PO43- and NH 4+ concentrations of the 
enclosures w ith  m uddy sed im ent in July preceded the m ass developm ent of L. m inor 
which is in line w ith our second hypothesis that nutrient fluxes from the sedim ent to the 
w ater column would drive the growth and m ultiplication of duckweeds. From April to 
July, grow th of filam entous algae at the enclosure walls and m oderate phytoplankton 
grow th in the w ater colum n may have inh ib ited  the grow th of duckw eeds by their 
removal of N, P and Fe from the water layer as well as by their photosynthetic increase 
of pH (Szabó et al. 1999; Roijackers et al. 2004). In this period, surface water PO43- and 
N (NO3 + NH4+) concentrations in the enclosures of both sedim ent types were below 
or equal to the K50 values of 0.2 and 2.9 ^m ol L-1 respectively, the concentrations a t 
which the maxim um  growth rate of L. m inor is reduced by 50% (Lüönd 1983). In July, 
however, the PO43- and N concentrations of the enclosures w ith muddy sedim ent were 
6 - 1 0  times higher than the K50, whereas those of the sandy enclosures did no t exceed 
the K50 for P and N.
The am ount of N, P, Fe and Mn accumulated in L. m inor tissue in September, reflects 
the magnitude of sedim ent nutrient releases from July onwards since L. m inor plants take 
up these nutrients exclusively from the w ater body. Even if these nutrients would have 
originated from the m ineralization of algae (cf. Kleeberg & Schlungbaum  1993), they 
were previously derived from the w ater column and/or sediments. Therefore, these data 
additionally  give evidence for the im portan t role of sed im ent n u tr ien t fluxes in the 
development of duckweed mats.
The estim ated N and P release from muddy sedim ents is w ithin the range reported 
for several eutrophic lakes (Marsden 1989; Dudel & Kohl 1992; Van Luijn et al. 1999). 
Despite this similarity, eutrophic shallow lakes are phytoplankton-dom inated (Scheffer 
et al. 2003) whereas stagnant backwaters w ith muddy sediment, on the other hand, are 
duckweed-dominated (Boedeltje et al. 2001). This difference may be attributed to wind 
and wave action by which the small duckweeds are w ashed ashore in exposed waters 
(Scheffer et al. 2003).
The higher proportion of organic m atter of the m uddy sedim ent may be considered 
an im portan t factor determ ining  differences in (pore)w ater param eters betw een the 
treatm ents (Sinke et al. 1990; Van Luijn et al. 1999). In the muddy sediment, microbial 
O 2 consum ption was m uch higher than tha t in the sandy sedim ent as can be deduced 
from differences in O2 concentration of the water column during summer. Eh values and 
dissolved Fe concentrations show  tha t inside the m uddy sedim ent Fe-reduction took 
place, m aking PO43- m ore m obile than in the sandy sedim ent. Because the release of 
PO43- and Fe from m uddy sedim ents was strong, particularly during periods of anoxia 
and negative Eh, it is likely that anoxic mobilisation occurred (e.g. Boström et al. 1982). 
The sim ilar course of the exchange curves of surface w ater Fe and PO43- additionally 
supports this hypothesis. As the entire w ater column became more or less anoxic for a
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considerable period of time, both PO43- and Fe could accumulate in the water layer. The 
increase of pore water NH 4+ concentration during sum m er may have been the result of 
tem perature-dependent degradation of N-bearing organic m atter (Van Luijn et al. 1999). 
During periods of anoxia the nitrification and the coupled nitrification-denitrification 
were likely suppressed (Van Luijn et al. 1999) implying that NH 4+ was released to the 
overlying w ater where it was consumed by L. m inor.
According to the hypothesis of Scheffer et al. (2003), rooted submerged species were 
expected to grow from  the sandy sed im ent and to dom inate in the nu trien t-poor 
overlying water. It was shown, however, tha t subm erged species were absent from the 
propagule banks of sandy sed im ents w hich corresponds to previous observations of 
Boedeltje et al. (2003b). A lthough the observed replacem ent of the subm erged 
Zannichellia  pa lustris  by the free floating Lem na m inor a t high n u trien t concentrations 
supports the theory of Scheffer et al. (2003), the low initial density of propagules and 
plants do not allow general conclusions.
As to the question  w hether phytoplankton  or L. m inor w ould dom inate a t high 
n u tr ien t concentrations (Scheffer et al. 2003), our resu lts  clearly show  the u ltim ate 
dom inance of the duckweed, despite the relatively high cover of floating algae in July. 
This observation supports the hypothesis of Roijackers et al. (2004) that in the absence 
of m ortality, Lemna will outcom pete algae a t high nu trien t concentrations. In order to 
prevent disturbance of the system , inform ation on changes in the biom ass of floating 
algae could no t be obtained. However, the decreased pH and O 2 concentration of the 
water layer suggest the decline of phytoplankton beneath the duckweed mat.
W ave-breaking structu res have been constructed  in fron t of canal banks and lake 
shorelines to protect the established bank vegetation from erosion and to enhance the 
establishm ent and grow th of subm erged and em ergent m acrophytes in shallow  back­
waters. Although positive effects of such structures on the establishm ent and growth of 
emergent macrophytes in backwaters have been shown (Foote & Kadlec 1988), negative 
effects appeared as well, including the deposition of m uddy sedim ents w ith relatively 
high contents of organic m atter (Rolletschek 1999, Boedeltje et al. 2001). Accumulation 
zones w ith a low degree of w ater exchange betw een backw ater and bordering lake or 
canal are faced with increased O2 consumption rates during sum m er resulting in anoxia 
of the w ater layer and in enhanced concentrations of soluble sulphides and H 2S 
(Rolletschek 1999). Anoxia and increased nutrient releases from the sedim ent ultimately 
may lead to duckweed dominance, as was shown in this study. Wave-damping structures 
w hich allow sufficient w ater exchange betw een backw ater and open w ater should 
therefore be preferred in ecological engineering (cf. Rolletschek 1999). Alternatively, 
backw aters may be com pletely isolated from the m ain canal after sed im ent removal. 
However, due to the lack of connectivity between main canal and backwater, this may 
have other disadvantages.
Once established, duckweed m ats may influence nutrien t fluxes from sedim ents by 
m aintain ing anoxic conditions of the w ater layer w hich resu lts in increased nu trien t 
fluxes from the sedim ent and, consequently, in increased plant growth. Furthermore, the
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density of Lemna propagules in the sedim ent increases after the development of a Lemna 
mat. By such positive feedbacks, the well-known stability of the floating plant state may 
be m aintained for years. To reach a shift from a duckw eed-dom inated sta te  to a state 
dom inated by subm erged plants, additional removal of floating p lan t layers and accu­
mulated muddy sedim ent is required (Scheffer et al. 2003). This study has clearly shown 
that sedim ent removal (dredging) does enhance the habitat quality of shallow  (b a c k ­
waters. The subsequent (re)establishm ent of rooted subm erged species from propagule 
banks, however, is not likely and depends largely on dispersal (Boedeltje et al. 2004).
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Aerial photograph of the Twentekanaal near the locks of Delden. A stream 
(Hagmolenbeek) discharges into the canal.
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Introduction
The m ain factors th a t determ ine the estab lishm ent of roo ted  subm erged aquatic 
vegetation in shallow  backwaters have been identified in this thesis. They have been 
grouped around three themes: (I) species pool and dispersal; (II) propagule banks; and 
(III) specific abiotic factors. An overview of the relative im portance of each of these 
them es for the po ten tia l estab lishm ent of subm erged aquatic vegetation will be 
presented here and extended to emergent aquatic and riparian species when appropriate. 
The implications for applied questions will be discussed in the end.
Overview of relevant factors determining the establishment of submerged 
aquatic vegetation
Species pool and dispersal
The species occurring in the aquatic habitats of the stream s discharging into the 
Tw entekanaal have been considered the regional species pool. Given the sim ilarity of 
several habitat conditions of stream s and backwaters, this set of species is potentially 
capable of colonizing the microsites of backwaters. The concept of species pool has been 
used as a tool to explore the  relation betw een regional and local species richness of 
ecological communities (Ricklefs 1987; Pärtel et al. 1996; Caley & Schluter 1997). In this 
thesis, by contrast, a more functional approach to the species pool concept was adopted 
by focusing on the ability of a species in the species pool to actually disperse via streams 
to the target site (c.f. Zobel et al. 1998). The rationale for this research is obvious as there 
is increasing evidence that dispersal lim itation may constrain the (re)establishm ent of 
target species in the present fragmented landscapes, especially during the early phases of 
succession in habitats lacking a viable propagule bank (Bischoff 2002; W heeler et al.
2002). Therefore, knowledge on factors facilitating the spatial m ovem ent of diaspores 
from a species pool to target sites is vital (Bakker et al. 1996; Zobel et al. 1998).
Factors th a t determ ine a species’ a b ility  to m igra te  dow nstream  by hydrochorous dispersal 
For submerged aquatics, frequency and abundance of the species in the regional species 
pool are by far the  m ost im portan t predictors of diaspore perform ance at the dow n­
stream  end of a stream  (Chapter 3; Fig. 9.1). A lthough it is well-known that vegetative 
propagation is significant w ithin this group of plants (Sculthorpe 1967; Grace 1993; Van 
Groenendael et al. 1996), this study for the first tim e quantitatively dem onstrates the 
im portance of vegetative diaspores for aquatic d ispersal as c. 95% of the diaspores 
trapped were vegetative. Given their limited floating capacity, seeds of many submerged 
aquatics cannot play a significant role in long-distance dispersal if  w ater is the only 
dispersal vector. Therefore, vegetative diaspores contribute very significantly to long­
distance dispersal in the aquatic environment contrasting with terrestrial habitats where 
seeds are more im portant (Eriksson 1992).
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Em ergent aquatic and riparian  species may also greatly extend th e ir range by 
hydrochory. That is, if large am ounts of (small) seeds are produced and provided that 
these can reach the w ater body. Buoyancy of seeds, the  ability to release vegetative 
fragm ents and a high frequency of occurrence in the established vegetation prom ote 
their dispersal as well. As m ight be expected (Zobel et al. 1998), the present study shows 
that the probability of a species to reach the downstream  end by diaspores is related to 
the reciprocal distance to its nearest stand in the established vegetation.
D iaspore abundance and  dispersal phenology
The num ber of viable diaspores trapped in the canal was enorm ous. A lm ost 360,000 
individuals of vascular plants developed from 144 samples (of 36 m 3)representing 174 
vascular plant species of aquatic, semi-aquatic and terrestrial habitats (Chapter 4). This 
chapter thus stresses the overwhelming importance of hydrochorous dispersal for a wide 
range of species. It clearly shows the link between the num ber of species and diaspores 
dispersed and discharge levels, supporting the flood pulse concept. This concept is based 
on the idea that the restoration of natural hydrological conditions in streams and rivers 
is a prerequisite for facilitating the spatial movement of large num bers of species and of 
diaspores during high flows (Junk et al. 1989; Tockner et al. 2000; Middleton 2002).
The dispersal phenology of species also depends on the duration  of buoyancy and 
release period of their seeds. Species which were abundantly dispersed in autum n and 
w in ter in general had dorm ant seeds, a longer seed release period and a longer seed 
dispersal period than those w ith dispersal peaks in spring and early sum m er. These 
traits enable water-dispersed seeds to bridge the unfavourable season and enhance their 
chance of being deposited  on safe sites. Several species additionally  enhance their 
dispersal capacity by using both generative and vegetative diaspores often in different 
seasons.
The group of species d ispersed in the canal includes, am ong others, several 
subm erged species such as Elodea n u tta llii , H o tto n ia  pa lustris , M yriophyllum  spicatum , 
P otam ogeton  berchtoldii, P. na tans, P. p ec tina tu s  and P. trichoides  (C hapter 4). The 
abundan t occurrence of the ir diaspores indicates th a t the po ten tia l estab lishm ent of 
these species in backwaters is no t likely constrained by dispersal lim itation. This was 
confirmed by the fact tha t several of these species indeed colonized backwaters during 
the first years after construction  (Interm ezzo 2). These findings con trast w ith the 
s itua tion  in terrestria l hab ita ts and w etlands w here diaspore lim ita tion  frequently  
constrains the estab lishm ent of target species (Bischoff 2002; W heeler et al. 2002; 
Middleton 2003).
Propagule banks
The role o f  sed im en t propagule banks in the (re)estab lishm en t o f  subm erged species 
From 180 sedim ent samples of 1 L collected in backwaters at varying stages of develop­
m ent after construction, 113 species emerged (Chapter 5). There was low similarity in 
the species com position betw een the established vegetation and the propagule banks
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w hich agrees w ith  the findings in previous stud ies (Skoglund & H ytteborn 1990; 
C om broux et al. 2001). D espite of the  overall species richness, the num bers of 
individuals of subm erged species in the propagule banks were low. Several subm erged 
species including M yriophyllum  spicatum , Elodea n u tta llii and C eratophyllum  dem ersum , 
which were locally abundant in the submerged aquatic vegetation, were absent from the 
propagule banks. It is concluded that propagule banks in backwaters canals cannot play a 
significant role in the establishm ent of a diverse subm erged vegetation, neither before 
nor after sed im ent rem oval. This im plies th a t dispersal is vital for the supply of 
diaspores of submerged species.
The m ajor com ponents of the propagule banks are from em ergent aquatic, riparian 
and terrestrial species. Their propagules may contribute to the development of species- 
rich em ergent and riparian vegetation in later successional stages and in the transition 
zones between water and land after cutting the vegetation.
Abiotic factors
The in itia l co lon iza tion  o f  new ly  constructed  backw aters: evidence fo r  an environm enta l
sieve
For 1 year, diaspores of 20 subm erged species were dispersed in the canal of which 15 
were earlier found in the established vegetation of backwaters for at least one season 
(Interm ezzo 2). Five subm erged species including A p iu m  inundatum , H otton ia  palustris  
and Potam ogeton berchtoldii did never colonize the backwaters (Boedeltje unpublished 
m onitoring results; Intermezzo 2). This suggests a lack of suitable microsites for these 
species w hich are generally confined to relatively m esotrophic hab ita ts (De Lyon & 
Roelofs 1986; Preston & Croft 1997). The low abundance and transient occurrence of 
several established species of clear w ater including Chara vulgaris, P otam ogeton alpinus 
and P. natans additionally indicate environmental constraints for rooted submerged and 
floating-leaved species. Other, less critical species w ith respect to w ater quality such as 
Callitriche obtusangula, P. pectinatus and E. nu tta llii (De Lyon & Roelofs 1986) were more 
persistent (Intermezzo 2).
The established vegeta tion  rela ted  to  abiotic fac to rs: p o ten tia l de term inan ts o f  species 
com position
Exam ining the established vegetation at varying stages of developm ent after 
construction of the backwaters showed the occurrence of submerged, free-floating and 
em ergent p lan t com m unities (C hapter 6 ). Relating the vegetation to physical and 
chemical characteristics of w ater and sedim ent revealed the potential determ inants of 
species composition.
The negative relationship between the vegetation cover of rooted submerged species 
and turbidity suggests that low light availability is a major constraint for the growth and 
survival of submerged species in canal-influenced backwaters.
C om m unities in w hich roo ted  subm erged species p redom inated  w ere positively 
related to a thin (<  2  cm) layer of accumulated, muddy sedim ent w ith a low am ount of
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organic m atte r and low concentrations of nitrogen in pore w ater and w ater colum n. 
O pposite conditions existed in sites w here roo ted  subm erged species w ere lacking. 
These observations indicate that high nitrogen concentrations of w ater and sedim ent and 
other characteristics and processes related to the accumulation of anoxic, nutrient-rich 
sed im ent such as the  release of phytotoxic com pounds (Sm olders & Roelofs 1996) 
additionally could be stressors to the growth and survival of rooted submerged species.
In backwaters, stands of rooted subm erged species are sim ultaneously exposed to 
several environm ental factors tha t m ight im pair grow th and survival. The absence or 
decline of subm erged species in this system  can therefore be attribu ted  to a m ultiple 
stress syndrome as was previously found for Stratiotes aloides (Smolders 1995).
The com bined effects o f  three p o ten tia l stressors on the g ro w th  o f  P otam ogeton  alp inus 
The com bined effects of th ree po ten tia l s tresso rs (low ligh t conditions, high w ater 
colum n n itra te  concentration  and anoxic, relatively organic sedim ent) on rooted 
subm erged p lants w ere tested  in C hapter 7 for P otam ogeton  a lp inus, a species of 
m oderately nu trien t-rich  sed im ents (De Lyon & Roelofs 1986). It was part of the 
established vegetation of backw aters for only 1 year (Interm ezzo 1) and is therefore 
assumed to be representative for similar species with a transient occurrence in eutrophic 
shallow  (back)w aters. M oreover, it  is declining in several parts of W estern  Europe, 
presumably because of ongoing eutrophication (Preston & Croft 1997).
Low irradiance is an im portan t stress factor tha t im pairs the grow th of P. alpinus. 
Low light availability in backw aters is linked to eu trophication  and to boat-induced 
turbulence and w ater currents giving cause to resuspension of soft sedim ents in canal- 
connected parts of backw aters (W illby & Eaton 1996). As the low light conditions 
correspond to those observed in o ther eutrophic shallow w aters of tem perate regions, 
these results confirm that low light availability is a key factor hampering the growth and 
survival of rooted submerged species in these systems (Sand-Jensen et al. 1989; W eisner 
et al. 1997).
High water column nitrate concentration is another stressor which impairs the growth 
of P. alpinus, particularly at sandy sedim ents w ith a relatively low nu trien t availability 
(Chapter 7). Until now, the potential direct negative effects of high nitrate concentrations 
on the grow th of rooted subm erged p lants in freshw ater system s have been largely 
overlooked. A lthough concentrations in the w ater layer as high as 500 ^m ol L-1 are 
uncommon under natural, undisturbed conditions, to date such values are no exception 
anymore owing to anthropogenic causes. Further experim ents are, however, needed to 
assess the impacts of water column nitrate enrichm ent on other submerged species and 
to further elucidate the underlying physiological mechanisms of growth reduction.
G rowth of P. a lp inus increased m ore at m uddy sed im ent than  a t sandy sed im ent 
(Chapter 7), bu t p lants grown a t m uddy sed im ent had a lower ro o t/sh o o t ratio than 
p lants grown a t sand. As backw aters are frequently  exposed to boat-induced w ater 
curren ts, th is feature may be disadvantageous for p lan t survival because a high 
roo t/shoot ratio is a prerequisite to resist the uprooting effects of water currents (Barrat-
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Segretain 2001). T ransplan tation  experim ents of young P. a lp inus p lan ts in to  soft 
sed im ents of canal-influenced backw aters indeed show ed that, w ith in  2  weeks after 
transplantation, 90% of the plants were uprooted whereas this was only 10% for plants 
transp lan ted  in to  the firm  sed im ent of the stream  w ith in  the source population  
(Boedeltje unpublished).
S ed im en t accum ula tion  as a cause o f  eu troph ica tion  and  free -flo a tin g  p la n t dom inance: 
constra in ts fo r  subm erged vegeta tion
During sum m er, there is a significant release of nutrients from accumulated, relatively 
organic sedim ent to the overlying w ater column of sheltered backwaters w ith standing 
w ater (Chapter 8). This increased nu trien t availability leads to a change from a clear­
water state to a state dom inated by free-floating plants (Lemna m inor). As mats of duck­
weeds reduce the penetra tion  of light, subm erged species decline or are unable to 
(re)establish from propagules.
Accum ulation of phytotoxic dissolved sulphide in pore w ater of m uddy and sandy 
sedim ents could no t be dem onstrated  in the enclosure experim ent (C hapter 8). It is 
likely th a t free iron, w hich was available in very high concentrations in the sedim ent 
pore water, did sequester the free sulphide produced (c.f. Lamers et al. 2002).
In conclusion, on their road to successful establishm ent in backwaters, species have to 
pass two sorts of sieves: (i) the dispersal sieve; and (ii) the environm ental sieve (Fig. 
9.1). Proper life-history characteristics to pass the dispersal sieve are long-floating 
d iaspores, an extended release period of diaspores and a high d iaspore production  
w hereas a high frequency and abundance of occurrence in the  species pool is also 
im portant. High discharge levels occurring in late autum n and w inter greatly enhance 
this sieve-passing capacity (Fig. 9.1). Environmental constraints to successful establish­
m ent are low light availability, sedim ent accumulation, and high w ater column nitrate 
loads (Fig. 9.1). Duckweed layers w hich becom e estab lished  in standing  eutrophic 
backwaters when nutrient-rich sedim ent has accumulated, constrain the establishm ent 
of submerged species as well. In this way, Fig. 9.1 presents the answers to the questions 
posed in Fig. 1.1.
Figure 9.1 A qualitative model summarizing the factors that influence the dispersal and 
establishment of submerged species in the study area.
Rooted submerged aquatic species are absent from the navigated canal but do occur in the streams 
that discharge into it. Flow regime and stream morphology facilitate diaspore transport, but only 
species with a high frequency and abundance of occurrence in the vegetation, with buoyant diaspores 
and a high diaspore production can successfully disperse their diaspores from the regional species 
pool into the canal: the D+ species. Species that lack these properties, the D- species, will not pass 
the dispersal sieve. The distance of the nearest stands to the canal influences the dispersal success as 
well.
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Species that have long-buoyant diaspores and that release their diaspores for a long period of time do 
have the longest dispersal period. They have the most proper life-history features (D+ species) to 
pass the next dispersal sieve and reach the backwaters. High discharge levels occurring in late 
autumn and winter greatly enhance this sieve-passing capacity.
The backwater environment behaves like a sieve as well. Only those species that can withstand the 
abiotic stressors low light, accumulated, anoxic sediment and water column nitrate enrichment and 
that are not out-competed by duckweed layers can become established: the S+ (Stress Tolerating) 
species. Species that are not capable to resist one or more of these stressors cannot become 
established: the S- (Stress Susceptible) species.
Potential recruitment of species from the propagule bank depends on passing the same environmental 
sieve. Given the low frequency and abundance of occurrence of diaspores in the propagule bank, the 
contribution of the propagule bank to the establishment of submerged species is negligible.
Biotic factors that might influence the establishment of species were not addressed.
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Perspectives for the establishment of a biodivers submerged vegetation....
This thesis has shown that navigation canals fed by stream s and channels have a species- 
rich diaspore pool available for colonization. In backwaters, however, submerged species 
are confronted with several stressors of which light limitation caused by resuspension of 
sedim ent, eu trophication  and accum ulation of nu trien t-rich  sed im ent are the m ost 
im portant. As canals have been dug for the sake of navigation, boat traffic is inherent to 
these waterways as are the resuspension of sedim ent and the subsequent deposition and 
accum ulation of it  in calm parts of canal-connected backw aters. C onsequently , the 
establishm ent and m aintenance of a biodivers submerged vegetation is unlikely.
The above does no t alter the fact th a t som e rooted  subm erged species adapted to 
eutrophic, relatively turbid conditions such as Elodea nuttallii, Callitriche obtusangula and 
Potam ogeton pectinatus may become established for a certain period of time (Intermezzo
2). Together w ith the nutrient-to lerant, rootless C eratophyllum  demersum  which is also 
common in turbid backwaters, this vegetation may sustain  a m uch higher diversity of 
invertebrates com pared to canals w ith steep banks (Rozier 2003) and provide recruit­
m ent areas for fish absent from navigated canals w ithout backwaters (Reitsma et al. 2000).
. .a n d  for the establishment of emergent vegetation
The biodiversity of navigation canals is furtherm ore enhanced by the establishm ent of 
Common Reed (Phragmites australis) in backwaters (Chapter 6). This vegetation greatly 
extends into the deeper parts resulting  in dense stands covering 50-70% of the open 
w ater w ithin 5 to 8 years after construction (Interm ezzo 2; Fig. 9.2). Such w ater reed 
that declined in several parts of Europe during the past decades (Den Hartog et al. 1989; 
Van der Putten 1997) is an im portant habitat for a wide range of organisms including 
birds (Graveland 1998) and fishes (Grimm & Klinge 1994).
Relevance to applied questions
Guidelines fo r the design and management o f backwaters
A  landscape-approach is desired
Ecological am elioration projects of intensively navigated waterways devoid of rooted 
subm erged and em ergent aquatic species have to be considered in a landscape context 
(c.f. Hobbs 2002). Seen in this light, it  will becom e apparen t w hich stream s and 
channels discharge into the w ater body, w here potential source populations of target 
species exist, w hether connections or barriers occur and w hat the nu trien t load of the 
w ater supplied is. From this basic inform ation, the potential for vegetation establish­
m ent can then clearly be derived. Given the knowledge of existing source populations, 
this thesis (Chapter 3 and 4) may enable nature managers to predict which submerged
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Figure 9.2 Vegetation of Common Reed (Phragmites australis) established in a 10-year-old backwater.
and emergent aquatic species will be hydrochorously dispersed and during which season 
of the year. The tim ing of finishing ecological am elioration  projects focused on 
(subm erged) aquatic species could then  be adjusted  to the d ispersal peak of these 
species. In m any cases sim ilar to the Tw entekanaal, in troduction  of subm erged and 
em ergent species to obtain the establishm ent of aquatic vegetation will be redundant 
given the diversity and abundance of diaspores of these species in the water body.
R eed beds a t the in flo w  o f  backw aters
To reduce the turbidity and eutrophication, the possible benefits of establishing a bed of 
emergent plants such as Reed Phragmites australis or Cattail Typha spp. at the inflow of a 
backwater could be considered (Fig. 9.3). W ithin  such stands, resuspended sedim ent 
will be deposited; additionally, the vegetation will take up some of the nutrients in the 
sum m er m onths while the plants are growing (M euleman et al. 1990; Andrews 1995;
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Verhoeven & Meuleman 1999). In this way, clear-water conditions in backwater sections 
behind such 'filte r of em ergent p lan ts’ can be p rom oted  (Fig. 9.4) leading to m ore 
suitable h ab ita t conditions for the  estab lishm ent and m aintenace of subm erged 
vegetation. C utting and harvesting the em ergent vegetation in O ctober - Novem ber 
greatly enhance the n u tr ien t rem oval capacity of such reed beds (M eulem an & 
Verhoeven 1999).
200 m
BACKWATER
impermeable wave-breaking dam
Riparian vegetation
...........................
dense reed vegetation
BACKWATER
Eutrophic water
CANAL
Figure 9.3 Schematic overview of a backwater design that shows the presence of a bed of Common 
Reed (Phragmites australis) or Cattail (Typha spp.) at the inflow of a backwater. An impermeable dam 
separates the backwater area from the main water body. Therefore, eutrophic canal water must pass 
the reed bed before it enters the open water zone and resuspended sediment will be deposited here. 
Additionally, the vegetation will take up nutrients from the water column. In this way, clear-water 
conditions in the water zones behind this 'reed filter’ can be promoted.
distance from opening in sheet piles (m)
Figure 9.4 Course of turbidity (mean values ± SE; n = 3) in a 100-m gradient from an opening in 
the wave-breaking structure (steel sheet piles) into a backwater along the lateral canal of the 
Twentekanaal. Situation in August 2000. From Boedeltje, unpublished results.
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S u ffic ien t w a ter  exchange betw een backw ater and  m ain  canal
A ccum ulation zones w ith a low degree of w ater exchange betw een backw ater and 
adjacent eutrophic canal are faced w ith high n u tr ien t releases from  the sedim ent, 
u ltim ately  leading to the  decline of subm erged vegetation and to the dom inance of 
duckw eeds. W ave-dam ping s tructu res th a t allow sufficient w ater exchange betw een 
backwater and main w ater body should therefore be preferred in ecological engineering 
along navigated waterways.
R em ova l o f  accum ulated  sed im en t
To reach a shift from a duckweed-dominated state to a duckweed-free state, removal of 
floating p lan t layers and of accum ulated, m uddy sed im ent from  stagnan t eutrophic 
backwaters is required. Sedim ent removal (dredging) does indeed enhance the habitat 
quality for submerged species as was shown in Chapter 8 . The results of m onitoring the 
estab lishm ent of aquatic vegetation and sed im ent accum ulation after m echanical 
dredging backwaters along the Twentekanaal, indicate that the free-floating plant layers 
stayed away for a t least 5 years after dredging bu t th a t subm erged vegetation hardly 
established (Boedeltje unpublished).
H ydrologically iso la ted  backw aters: an a lterna tive  fo r  the estab lishm en t o f  m esotrophic  
species
An alternative for canal-connected backwaters is the creation of shallow water zones that 
are com pletely iso lated  from  the (eutrophic) m ain canal (C hapter 6 ). This m ight 
p rom ote the estab lishm ent of subm erged species characteristic  for relatively m eso­
trophic waters.
An extension to rivers: the flood-pulse concept as a lead for the restoration of 
riverine wetlands
W ater is an overwhelmingly im portant vector for the transport of generative as well as 
vegetative diaspores of aquatic, semi-aquatic and several terrestrial plant species. Species 
richness and diaspore num bers were higher when discharge was highest, late autum n 
and early winter, suggesting that flow pulses of sufficient magnitude and at appropriate 
times of a year are im portant for p lant dispersal in river system s tha t are regulated to 
prevent flooding. The flood-pulse concept can be a useful tool in the  resto ra tion  of 
riverine wetlands and backwater habitats (see also Tockner et al. 2000, Middleton 2002; 
Goodson et al. 2003). Flood pulses are required for the dispersal of those species which 
are absent from or under-represented in propagule banks. They may deliver diaspores of 
aquatic species to backwaters and cut-off channels and of sem i-aquatic and terrestrial 
species to sites th a t have sufficient elevation to be safe from  subsequen t flow 
disturbance before the plants are established to resist erosion but low enough to be safe 
in term s of available m oistu re  to support successful estab lishm ent. This thesis may 
therefore also assist the planning of regenerative processes in riverine wetlands, since 
dispersal phenology, and discharge rates m ust be taken into consideration.
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Summary
Rooted subm erged plants are an im portant com ponent of shallow aquatic ecosystems. 
They provide food for fish, invertebrates, birds and m ammals, spawning sites for fish, 
substra tum  for invertebrates and shelter for zooplankton against fish predation. The 
subm erged vegetation influences the chem ical and physical character of the w ater 
column and it affects sedim ent characteristics. Hence, the status of this vegetation is an 
im portant indicator of the quality and health of the aquatic environment.
This thesis investigates the role of dispersal, propagule banks and abiotic conditions 
in the establishm ent of the im portant rooted submerged vegetation in shallow eutrophic 
w aters. It focuses on the colonization of newly created backw aters along navigation 
canals that are especially designed to enhance biodiversity. The Twentekanaal, an inten­
sively navigated canal in the eastern  part of The N etherlands is in the centre of this 
work. Rooted subm erged species tha t could directly provide the diaspores suitable for 
colonization of backwaters, are absent from this canal. Therefore, the supply of diaspores 
to this waterway is determ ined by the availability of target species a t the next larger 
landscape scale, the stream s of the catchm ent area th a t discharge into it. The aquatic 
species that inhabit these stream s (the regional species pool) m ight potentially colonize 
the backwaters, given sim ilar w ater quality conditions. In this way, the stream s, canal 
and backwaters provide an unique landscape-scale field experim ent to disentangle the 
often com plex source-sink relationships betw een the regional species pool and local 
colonization, establishm ent and extinction processes.
Part I of this thesis focuses on factors that determ ine a species’ ability to migrate by 
hydrochorous dispersal from the species pool to the canal. This part also presents data 
on the diversity and abundance of the diaspores dispersed in the canal itself quantified 
over a one-year period.
Diaspores that reach the backwaters by dispersal may persist in the water column, at 
the sedim ent surface or in the sedim ent for a shorter or longer period of time. W hether 
and to w hat extent such sedim ent propagule banks can contribute to the establishm ent 
of submerged vegetation is the main question addressed in Part II.
Which and how many species and individuals eventually become established depends 
on the environm ental conditions of the system involved. Part III focuses on the abiotic 
factors that influence the species composition of the aquatic vegetation of backwaters. It 
explores experim entally the com bined effects of three po ten tia l stressors (low light,
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nutrien t-rich , m uddy sed im ent and high w ater colum n n itra te  concentration) on the 
growth of a characteristic submerged species. In the end, it is experimentally tested how 
n u trien t fluxes from an accum ulated nu trien t-rich  sed im ent influence floating p lan t 
dominance which, in turn, negatively affects submerged vegetation.
Part I: Species pool and dispersal
For subm erged species, frequency and abundance of the species in the established 
vegetation are by far the  m ost im portan t predictors of d iaspore perform ance a t the 
dow nstream  end of a stream  that discharges into the canal. A lthough it is well-known 
that vegetative propagation is significant w ithin this group of plants, this study for the 
first time quantitatively dem onstrates the importance of vegetative diaspores for aquatic 
dispersal as c. 95% of the diaspores trapped were vegetative. Given their limited floating 
capacity, seeds of many subm erged aquatics cannot play a significant role in long­
distance dispersal if w ater is the only dispersal vector. Therefore, vegetative diaspores 
contribute very significantly to long-distance dispersal for this species group. Emergent 
aquatic and riparian species also greatly extend their range by hydrochory, that is, if large 
am ounts of seeds are produced and provided th a t these can reach the w ater body. 
Buoyancy of seeds, the ability to release vegetative fragm ents and a high frequency of 
occurrence in the established vegetation prom ote their dispersal as well. In addition, the 
study shows that the probability of a species to reach the downstream  end by diaspores 
is related to the reciprocal distance to its nearest stand in the established vegetation.
The num ber of viable diaspores trapped in the canal was enormous. Almost 360,000 
individuals of vascular plants developed from generative and vegetative diaspores from 
144 samples (of 36 m 3) representing 174 vascular plant species of aquatic, semi-aquatic 
and terrestria l hab ita ts. This re su lt stresses the overw helm ing im portance of 
hydrochorous dispersal for a wide range of species. It also clearly shows the link between 
the num ber of species and diaspores d ispersed and discharge levels of the canal, 
supporting  the flood pulse concept. This concept is based on the idea th a t the 
restoration of natural hydrological conditions in stream s and rivers is a prerequisite for 
facilitating the spatial m ovem ent of large num bers of species and of diaspores during 
high flows.
The dispersal phenology of species depends on the duration of buoyancy and release 
period of their seeds. Species which were dispersed in autum n and w inter in general had 
dorm ant seeds, a longer seed release period and a longer seed dispersal period than 
those w ith  dispersal peaks in spring and early sum m er. These tra its  enable w ater- 
d ispersed seeds to bridge the unfavourable season and enhance their chance of being 
deposited on safe sites. Several species enhance their dispersal capacity by using both 
generative and vegetative diaspores often in different seasons.
The group of species d ispersed in the  canal includes, am ong others, several sub ­
m erged species such as Elodea n u tta llii , M yriophyllum  sp ica tum , Potam ogeton berchtoldii
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and P. pectinatus. The abundant occurrence of their diaspores indicates that the potential 
estab lishm ent of these species in backw aters is no t likely constra ined  by dispersal 
limitation.
Part II: Propagule banks
From 180 sed im ent sam ples of 1 L collected in backw aters a t varying stages of 
development after construction, 272,126 individuals of vascular plants representing 113 
species emerged. The major components of the propagule banks were emergent aquatic, 
riparian and terrestria l species. There was low sim ilarity  in the species com position 
between the established vegetation and the propagule banks. Despite the overall species 
richness, the num bers of individuals of submerged species in the propagule banks were 
low. Therefore, propagule banks specifically in backw aters of canals cannot play a 
significant role in the establishm ent of diverse submerged vegetation.
Part III: Abiotic factors
The m ajor variation in species com position of aquatic vegetation in 80 different 
backw aters could be explained by w ater colum n and sed im ent characteristics. The 
vegetation in which rooted subm erged species dom inated was preferably found under 
clear-w ater conditions in 3-5-year-old sites w here a th in  (<  2 cm) layer of organic 
sedim ent had been deposited with relatively low pore water am m onium  concentrations. 
Vegetation types dom inated by Phragmites australis, free-floating duckweeds or the non­
rooted Ceratophyllum demersum , on the other hand, were generally observed in sites with 
relatively turbid water, thick layers of deposited organic sedim ent and high ammonium 
concentrations in water column and pore water.
The com bined effects of three potential stressors (low light conditions, high w ater 
colum n n itra te  concentration  and anoxic, relatively organic sedim ent) on rooted 
subm erged p lants w ere tested  for P otam ogeton  alp inus, a species th a t was part of the 
established vegetation of backw aters for only one year. Com pared w ith  am bient 
irradiance, the growth of P. alpinus was strongly reduced under the low light conditions 
th a t exist in the canal and in canal-influenced backw aters. W ater colum n n itra te  
concentrations sim ilar to those in eutrophic canals negatively affect the  grow th of P. 
alpinus, especially on a sandy sediment. The biomass of P. alpinus increased more on an 
organic, m uddy sed im ent w ith  relatively high am m onium  concentrations than on a 
sandy sedim ent w ith relatively low am m onium  concentrations. However, on a muddy 
sedim ent, plants had a lower roo t/shoo t ratio than on sand. These results imply that a 
low root/shoo t ratio may be expected for submerged species growing in shallow waters 
characterized by the accum ulation of m uddy sedim ent. As such w aters are frequently 
exposed to w ind or boat-induced w ater curren ts, this feature is disadvantageous for
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plant survival because a high roo t/shoot ratio is a prerequisite to resist uprooting effects 
of w ater currents.
In shallow standing waters, the subm erged aquatic vegetation is often replaced by a 
m at of free-floating species. N u trien t fluxes from accum ulated sedim ent to the water 
layer play a key role in the shift to floating p lant dom inance. This was show n in field 
enclosures containing either muddy or sandy sediment. It was observed that free-floating 
fronds of Lemna m inor were derived from both sedim ent types, but that dense duckweed 
m ats developed exclusively in enclosures w ith m uddy sedim ent. The results could be 
explained by differences in nu trien t release from the sedim ents to the overlying water 
during summer, when high fluxes, especially of phosphorus and nitrogen, were observed 
alm ost exclusively in enclosures w ith m uddy sed im ent involving anoxia of the  w ater 
layer. It is clear that duckweed layers highly constrain the establishm ent of submerged 
species by creating low light conditions.
Conclusions
1) This thesis has show n th a t navigation canals fed by stream s have a species-rich 
regional diaspore pool available for colonization of su itab le habita ts. The m ajor 
com ponents of this pool are vegetative parts of aquatic plants w ith a high regeneration 
potential. The vegetative diaspores were dispersed on average over 8 m onths, indicating 
their im portance to long-distance dispersal. Several species dispersed both generative 
and vegetative diaspores, often in different seasons.
2) Species richness and diaspore num bers were higher when discharge from streams into 
the canal was h ighest, late au tum n and early w inter, indicating th a t flow pulses of 
sufficient m agnitude and at appropriate tim es of the year are im portan t for p lant 
dispersal in stream  and river systems. The flood-pulse concept, which assumes that the 
restoration of natural hydrological conditions in rivers is a prerequisite for facilitating 
the spatial movem ent of diaspores during high floods, should therefore be applied in the 
restoration of riverine wetlands and backwater habitats.
3) In newly created backwaters, submerged species are confronted with several stressors 
of w hich light lim ita tion  caused by resuspension  of sedim ent, eu trophication  and 
accumulation of nutrient-rich sedim ent are the m ost im portant. As canals have been dug 
for the sake of navigation, boat traffic is in h eren t to these w aterw ays as are the 
resuspension of sedim ent and the subsequent deposition and accumulation of it in calm 
parts of canal-connected backwaters. Consequently, the establishm ent and maintenance 
of a biodivers submerged vegetation is unlikely.
4) The above does no t alter the  fact th a t som e rooted  subm erged species adapted to 
eutrophic, relatively turbid conditions such as Elodea nu tta llii, Callitriche obtusangula and
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P otam ogeton pectina tus  may becom e established for a certain period of tim e. Together 
w ith the nu trien t-to leran t, rootless C eratophyllum  dem ersum  w hich is also com m on in 
turbid backwaters, this vegetation may sustain a much higher diversity of invertebrates 
compared to canals with steep banks and provide recruitm ent areas for fish absent from 
navigated canals w ithou t backwaters. The biodiversity of navigation canals is fu rther­
more enhanced by the establishm ent of dense Phragmites australis stands in backwaters. 
This indicates th a t backw aters indeed function for the purpose for w hich they were 
designed.
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Over de vestiging van waterplanten
"Licht en zw ierig  schieten waterplanten u it den bodem op, hun fijn e  blaadjes strekkend naar 
alle kanten: w aterpest en hoornblad, vederkruid en waterranonkel. H et gegroefde kroos vorm t 
dichte m nssa’s van driekante groene blaadjes, klein kroos driêft in cirkeleonde schijfjes aan de 
oppervlakte en de groote bruine bladsten van de wktsolslie kom m  ineengeroM naar boven, om 
zich aan de nppervlakte u it ne spreiden en in de warm e zon aan de bovenzijde sens groene tin t  
aan te nemen. Langzaam  volgen gdonte groene knoppen, maan de w itte  bloem zsfos is m n  
bloem van de zom er Ç...)- De oevor z e l f  rankt dicht begmoeid. H et riet is nog kort, maar 
steekt toch al met duizend pieken boven het w atervlak. Kalmoes en lischdoddsn vormen dichte 
bossen en de gele lisoh steekt z ijn  grijsgroene bladenen al hoog in  de lucht (....).
Op goeds dagen liggen salamanders bij dozijnen aan de zo n n e k in t in het ondiepe water. A f  
en toe kom t en legen in het gezehchap, dan zw em m en ze  met slengechtigs kropkslmgsn om 
slkaae heen  De eitjes van deze dieren wowden niet gelegd in klompen o f  teasrse, maar 
afzoedsrUjk aan ds w aterplanten. Z s  zijn. n k t  g s m a k k s ^ k  ts v in d en d e  m ost so geduldig 
stengslvoar stszgel voor nazien".
Jac. P. Thijsse (1910) Lente. Bakkerij "De Ruiter” der firma Verkade & Comp.
Waterplanten en hun betekenis voor een aquatisch ecosysteem
Mijn proefschrift gaat over w aterplanten of, beter gezegd, over factoren die de vestiging 
van w aterp lan ten  m ogelijk m aken. A lvorens hierop in te gaan, wil ik uitleggen w at 
w aterp lan ten  zijn, welke w aterp lan ten  centraal hebben gestaan in h e t onderzoek en 
waarom het zo belangrijk is dat in een sloot, meer of plas w aterplanten voorkomen.
W aterplanten w orden wel gedefinieerd1 als "planten, die zaden of sporen kunnen 
vorm en w anneer alle bladeren zijn ondergedoken of door het w ater worden gedragen 
(drijfbladeren)”. Hieronder vallen niet alleen de in de waterbodem  wortelende soorten 
zoals Gewoon sterrenkroos, Grote waterranonkel (Fig. S1) en W itte waterlelie, maar ook 
de vrij in h e t w ater zwevende of op he t w ateroppervlak drijvende soorten  zoals Grof 
hoornblad en Eendekroos. In d it onderzoek staan de in de bodem  w ortelende w ater­
planten m et ondergedoken (=  subm erse) of drijvende bladeren centraal. Planten zoals
1 Naar: Den Hartog, C. & Segal, S. (1964) A new classification of the water-plant communities. Acta 
Botanica Neerlandica, 13, 367-393
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Riet en Gele lis (Fig. S2) w ortelen  w elisw aar ook in de onderw aterbodem , m aar het 
grootste deel van hun  stengels en bladeren evenals al hun bloem en steken ver boven 
w ater uit. Door sommige auteurs worden ze als em ergente (boven w ater uitstekende) 
waterplanten opgevat, terwijl andere spreken van moerasplanten. In de Engelse teksten 
van d it proefschrift is de eerste term  gebruikt, in deze sam envatting  zal de in he t 
Nederlands meer gebruikelijke tweede term  gehanteerd worden.
Ondergedoken waterplanten hebben een grote invloed op de leefmogelijkheden van 
andere organ ism en1. Ze bieden voedsel, schuil-, voortp lantings- en aanhechtings- 
mogelijkheden aan dieren en algen, die in een onbegroeide waterkolom  ontbreken. Het 
feit da t salam anders hun  eitjes afzetten op w aterplanten , zoals te lezen viel in de 
in leidende tekst van Jac. P. Thijsse, is hiervan een illustratie . H et aantal soorten  en 
individuen van organism en dat in een w aterplanten-rijk systeem  voorkom t is dan ook 
veel hoger dan in een systeem zonder deze planten. W aterplanten beïnvloeden ook hun 
n iet-levende om geving2. Ze veranderen de fysisch-chem ische sam enstelling  van het 
w ater door opnam e van anorganische koolstof, s tik sto f en fosfor en de productie van 
zuurstof. Ze vangen licht weg en veranderen de s tructuur en chem ische sam enstelling 
van de w aterbodem . Ook tem peren ze de w aterbew eging w aardoor opgewerveld 
bodemmateriaal neerslaat (Fig. S3) en rem m en ze de ontwikkeling van algen, waardoor 
een door waterplanten gedomineerd systeem vaak opvallend helder is. W aterplanten zijn 
kortom  van groot belang voor gezond en helder water.
Factoren die een rol spelen bij de vestiging van waterplanten
Stel dat je in je tu in  een vijver graaft m et als doel dat deze begroeid raak t m et een 
vegetatie van ondergedoken waterplanten. Als op die plek nooit eerder een vijver of sloot 
aanwezig was, zullen er in de bodem  geen levensvatbare zaden, w ortelstokken  of 
w interknoppen aanwezig zijn van w aaruit zich waterplanten kunnen vestigen. Je zou in 
dat geval naar een tuincentrum  kunnen gaan om plantmateriaal op te halen, maar je zou 
ook geduld kunnen hebben en je afvragen of spontane vestiging to t de mogelijkheden 
behoort. Welke factoren bepalen nu of dit een reële optie is? In de eerste plaats is dat de 
ligging van de vijver ten opzichte van in de omgeving aanwezige plassen, sloten of andere 
wateren m et waterplanten, die in principe in de vijver zouden kunnen groeien. Voor de 
pas aangelegde vijver vorm en deze groepen van planten de bronpopulaties of, m et een 
Engelse term , de species p o o l. In de tw eede plaats is he t van belang dat de aanwezige 
p lan ten  h e t verm ogen bezitten  om de vijver te bereiken, zelfstandig of m et hulp van
1 Zie ook: Van der Velde, G. (1988) Relaties tussen waterplanten en andere organismen. Waterplanten en 
Waterkwaliteit (red. Bloemendaal, F.H.J.L. & Roelofs, J.G.M.), pp. 43-63. Natuurhistorische Bibliotheek van 
de KNNV, Utrecht
2 Zie ook: Brock, Th.C.M. (1988) Invloed van waterplanten op hun omgeving. Waterplanten en Waterkwaliteit 
(red. Bloemendaal, F.H.J.L. & Roelofs, J.G.M.), pp. 27-41. Natuurhistorische Bibliotheek van de KNNV, 
Utrecht
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water, vogels of vissen. Dit vermogen van planten om zich te verbreiden of verbreid te 
worden w ordt dispersie (in het Engels: dispersal) genoemd. De aanwezigheid van bron- 
populaties en h e t verm ogen to t dispersie van de p lan tensoo rten  vorm en kortom  de 
eerste stap  op weg naar vestiging van een w aterplantenvegetatie . In d it proefschrift 
vormen zij het eerste hoofdthema.
Als we er vanuit gaan dat door middel van dispersie diasporen (zaden en vegetatieve 
plantendelen) in de vijver zijn terechtgekomen, w at gebeurt er dan vervolgens mee? Dit 
is afhankelijk van de soort, de tijd van het jaar dat ze in de vijver belanden en van de 
eigenschappen van en de omstandigheden in de vijver. Veel zaden en winterknoppen van 
(w ater)planten verkeren gedurende de herfst en w inter in kiem rust. Indien ze in deze 
periode in de vijver belanden, kiemen ze niet of lopen ze niet uit. Ze kunnen zinken en 
deel gaan uitmaken van de voorraad zaden en vegetatieve delen (in het Engels propagée  
bank  genoemd, hierna zaadvoorraad) op en in de waterbodem. Onder gunstige omstandig­
heden kunnen ze vervolgens kiemen en uitgroeien to t planten. De bijdrage die de zaad- 
voorraad kan leveren aan de vestiging van een w aterp lan tenvegetatie  is h e t tw eede 
hoofdthem a van dit proefschrift.
Zoals hiervoor al is aangestipt, bepalen de eigenschappen van en de omstandigheden 
in de vijver of een zaad ontkiem t en of een w interknop, stengelfragm ent of w ortelstok 
uitloopt. D it betreft in de eerste plaats de eigenschappen van water en waterbodem: de 
niet-levende of abiotische milieufactoren zoals waterdiepte, helderheid van het water, de 
samenstelling van de bodem en de hoeveelheid voedingsstoffen in water en waterbodem. 
In de tw eede plaats kunnen ook andere organism en (de biotische m ilieufactoren) van 
invloed zijn op de kiem ing en vestiging van ondergedoken w aterplanten . Indien zich 
bijvoorbeeld een dek van kroos of draadalgen in de vijver vestigt, dan is de lichthoeveel- 
heid onder het dek zo gering dat er geen kieming of groei van ondergedoken waterplanten 
optreedt. W atervogels kunnen planten aanvoeren maar ze kunnen ze ook opeten en zo 
de vestiging belemmeren. In dit proefschrift is de rol die abiotische omgevingsfactoren 
(in het Engels abiotic conditions) bij de vestiging van ondergedoken waterplanten spelen, 
het derde hoofdthema. Biotische factoren komen niet of slechts zijdelings aan bod.
Het studiegebied
De vestigingsmogelijkheden van w aterplanten zijn onderzocht in ondiepe oeverstroken 
langs kanalen. Dit vereist enige toelichting. Kanalen zijn lijnvormige wateren die veelal 
gegraven zijn ten behoeve van de scheepvaart. De belastingen op de oevers door de 
scheepvaart (strom ingen en golfslag) zijn m eestal zo hoog dat ze bescherm d m oeten 
w orden. T ot enkele decennia geleden gebeurde dat m et verticale golfw erende en 
grondwerende constructies, waarbij er sprake was van een scherpe grens tussen water en 
land (Fig. S4). Dergelijke oevers bieden geen leefmogelijkheden aan wortelende w ater­
en oeverplanten en aan oevergebonden dieren. Ook vormen ze een onneembare barrière 
voor landdieren die te w ater gaan om een kanaal over te steken.
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Figuur S3 In een vegetatie van ondergedoken waterplanten wordt de waterbeweging getemperd, waardoor 
in het water zwevende deeltjes neerslaan: Grof hoornblad is bedekt met een laagje neergeslagen slib.
Figuur S4 Een oever met een verticale damwandconstructie biedt geen mogelijkheden aan water- en moeras- 
planten om zich te vestigen en vormt voor goed zwemmende landdieren als ree en das die het kanaal in 
dwarsrichting willen passeren een barrière. Twentekanaal ten oosten van Lochem, 1995.
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Sinds 1985 w orden ech ter langs kanalen oevers aangelegd w aarbij n ie t alleen m eer 
rekening w ordt gehouden m et de w aterkerende functie, m aar ook m et de belangen van 
natuur en landschap1. Daarbij w ordt er naar gestreefd om de oever geen barrière m eer te 
laten zijn voor dieren en de overgang van w ater naar land zo geleidelijk mogelijk te laten 
verlopen. Op veel p laatsen  bestaan dergelijke oevers u it een golfw erende constructie 
(een dam  van breukstenen of een dam wand), w aarachter zich aan landzijde een 0.5 tot 
1.2 m diepe zone bev ind t m et een zo flauw m ogelijk talud  (Fig. S5; Fig. i 1.6). 
Afhankelijk van de beschikbare ru im te hebben deze zones een breedte variërend van 2 
to t 10 m. De ondiepe oeverstroken staan door middel van uitwisselingsopeningen in de 
vooroever in contact m et h e t kanaal. P laatselijk  zijn ech ter ook van h e t kanaal 
geïsoleerde ondiepe stroken aangelegd (Fig. 6.1). Tot de natuurdoelen van deze ondiepe 
stroken  behoort, onder andere, de vestiging van een vegetatie van ondergedoken 
w aterplanten. Deze groep van w aterplanten kom t echter in het bevaren gedeelte van het 
kanaal als gevolg van strom ing en golfslag n ie t voor en de oeverstroken zijn volstrekt 
onbegroeid bij oplevering. Daarmee vormen deze oeverstroken een schitterend object om 
de m echanism en en factoren die de opeenvolgende stappen in de vestigingsecologie van 
w aterplanten bepalen, te bestuderen. N et zoals in het voorbeeld van de kolonisatie van 
een nieuw  gegraven vijver gaat het daarbij om de volgorde: bronpopulaties - dispersie - 
zaadvoorraad - omgevingsfactoren.
C entraal in m ijn onderzoek s taa t h e t Tw entekanaal, een druk  bevaren scheep­
vaartweg die de rivier de IJssel verbindt m et de Tw entse steden Enschede, Hengelo en 
Alm elo (Fig. i1.2). H et kanaal, gegraven tussen 1930 en 1938, had en heeft een grote 
invloed op de regionale w aterhuishouding en ecologie. In totaal 39 grote en kleine beken 
w erden doorsneden , w aardoor de verbinding tussen  boven- en benedenstroom se 
trajecten werd verbroken. De bovenstroom se trajecten m onden nu uit in het kanaal (Fig.
S6), dat daarmee ook een belangrijke rol speelt in de w aterhuishouding van grote delen 
van O ost-N ederland. De beken s trom en  gro tendeels door agrarisch cu ltuurlan d  en 
voeren w ater aan m et een hoge concentratie aan voedingsstoffen (in het bijzonder nitraat 
en fosfaat). H ierdoor kom en deze voedingsstoffen ook in h e t kanaalw ater in hoge 
concentraties voor (Figuur i1.4). In de periode 1988-1996 zijn over een totale lengte van 
ca. 17 kilom eter ondiepe oeverstroken langs de vaarweg aangelegd.
1 De kennis over de aanleg van oevers die rekening houden met de belangen van natuur en landschap 
(‘natuurvriendelijke oevers’) is gebundeld in de publicatiereeks “Naiuurvriengelijke Oevers” van het 
Civieltechnisch Centrum Uitvoering Research en Regelgeving, CUR (1999-2000)
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De opeenvolgende stappen naar vestiging van een vegetatie van 
ondergedoken waterplanten
Bronpopulaties en dispersie in aanvoerende beken
Zoals eerder verm eld kom en w ortelende w aterp lan ten  n ie t in h e t kanaal voor. De 
b ro npopulaties van w aterp lan ten  voor nieuw  aangelegde oeverstroken langs h e t 
Twentekanaal bevinden zich in de beken die op het kanaal afwateren. Om hiervan een 
beeld te krijgen is één van de 39 in h e t kanaal u itm ondende beken uitgekozen voor 
nader onderzoek: de Koningsbeek (Fig. 3.1). W adend door het gehele beeksysteem heb 
ik per traject van 100 m genoteerd  w elke soo rten  en hoeveel individuen w ater- en 
oeverplan ten  aanw ezig w aren. W aterp lan ten  kw am en m assaal voor, m et Smalle 
waterpest, Gewoon en Stomphoekig sterrenkroos, Klein fonteinkruid en Grof hoornblad 
als dom inan te  soo rten . Ook Gele plom p (Fig. 3.4; S7) w erd frequen t aangetroffen 
(Hoofdstuk 3).
Gespreid over het jaar werden aan het eind van deze beek m onsters verzameld van in 
het w ater zwevend en op het w ater drijvend materiaal. Dit gebeurde m et een fijnmazig 
net dat gedurende een bepaalde periode in de w aterstroom  op een stuw  werd geplaatst 
(Fig. 3.3). Per m onster werd van elke soort het aantal levensvatbare diasporen bepaald, 
w aarvoor in een kas talloze regeneratie- en kiem ingsexperim enten w erden uitgevoerd 
(H oofdstuk 2 en 3). U it 126 m onsters ontw ikkelden zich bijna 107.000 individuen 
waarvan 95,8% uit vegetatieve diasporen en 4,2% uit zaden. Hieronder bevonden zich 3 
vrij drijvende en 12 ondergedoken soorten w aterplanten, 22 soorten m oerasplanten en 
70 soo rten  van oeverruigtes, n a tte  to t vochtige graslanden en bossen (h ierna oever­
p lan ten  genoem d). Vrij drijvende w aterp lan ten  ontw ikkelden zich u its lu iten d  u it 
vegetatieve delen, ondergedoken w aterplanten voor 98.9%, m oerasplanten voor 23,7%, 
en oeverplanten voor slechts 2,9%. D iasporen van 79% van in h e t w ater van de beek 
aanwezige soorten en 40% van h e t aantal oeversoorten w erden gevangen. De minimale 
dispersieafstand varieerde van 0 to t 6 km.
Welke factoren bepalen nu of een soort zich via w ater kan verbreiden, kortom, welke 
factoren bepalen de dispersiecapaciteit van een soort? Voor ondergedoken waterplanten 
is de m ate van voorkomen in de vegetatie het m eest belangrijk: naarm ate een soort vaker 
in de vegetatie  voorkom t, is de kans g ro ter dat d iasporen  benedenstroom s w orden 
aangetroffen. Als gevolg van waterbewegingen, de activiteit van watervogels en vissen en 
het m aaibeheer ontstaan gem akkelijk (goed drijvende) fragm enten die door h e t w ater 
w orden m eegevoerd. Zaden w orden bij de m eeste ondergedoken w aterp lan ten  
nauwelijks gevormd; bovendien kunnen ze verrassend genoeg niet of nauwelijks drijven. 
M oerasplanten daarentegen, hebben lang drijvende zaden die een goede dispersie door 
w ater mogelijk maken. Ook de m ate van voorkomen in de vegetatie en de zaadproductie 
per p lan t vergroten  voor m oerasp lan ten  de kans om door w ater verbreid  te w orden. 
M oerasp lanten  die veel zaden vorm en hebben dus een gro tere  kans om  verbreid te 
w orden dan p lan ten  die w einig zaden vorm en, aangenom en d a t de zaden even goed 
kunnen  drijven. O ok voor veel oeverplan ten  zijn zaadproductie en drijfverm ogen
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Figuur S5 Een vooroever van breukstenen beschermt de achterliggende ondiepe waterzone tegen scheeps- 
golven. Twentekanaal tussen Diepenheim en Goor in de winter van 1997.
Figuur S6 Luchtfoto van het Twentekanaal ter hoogte van de Bolksbeek. De inzet toont de situatie op de 
grond.
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belangrijke kenm erken voor een effectieve dispersie door water. Bij alle plantengroepen 
bleek, dat bij toenem ende afstand tussen het vangpunt en de dichtstbijzijnde groeiplaats 
er m inder diasporen gevangen werden.
G econcludeerd w ord t dat strom end  w ater van u itzonderlijk  belang is voor de 
dispersie van heel veel soorten water-, moeras- én landplanten. Alleen de Koningsbeek al 
vervoert per jaar miljoenen diasporen naar he t Twentekanaal.
Dispersie in het kanaal ze lf
U it h e t voorgaande zal duidelijk  zijn dat h e t kanaal heel veel zaden en vegetatieve 
p lan tendelen  ontvangt. In een onderzoek, u itgevoerd  van april 2001 to t april 2002, 
telden we in 144 m onsters van 36 m 3 m aar liefst 359.188 levensvatbare diasporen die in 
totaal 174 plantensoorten vertegenwoordigen (H oofdstuk 4). W e deden d it onderzoek 
om m eer te weten te komen over de dispersiefenologie van door w ater verbreide soorten, 
m et andere w oorden, over de periode dat diasporen van een soort w orden verbreid en 
welke factoren dit bepalen.
H et aantal soorten en diasporen dat per m aand w erd aangetroffen varieerde sterk. 
H et hoogste aantal soorten  w erd gevonden in januari toen gem iddeld 41 soorten per 
m onste r van 36 m 3 w erden geteld; in to taal ontw ikkelden zich in deze m aand 102 
soorten u it 12 m onsters. In m ei en juni kwam en gem iddeld de laagste aantallen voor 
m et respectievelijk 14 en 13 soorten per m onster. In decem ber en januari w erden de
Figuur S7 Gele plomp is een veel voorkomende soort in het benedenstroomse gebied van de Koningsbeek.
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hoogste aantallen diasporen waargenom en. Er bleek een significant positief verband te 
bestaan tussen het aantal gevangen soorten en individuen en de waterafvoer door beken. 
Perioden van hoogw ater/hoge afvoer zijn dus erg belangrijk  voor de d ispersie  van 
planten.
Veel soorten hebben hun  dispersiepiek in de late herfst en w in ter (Appendix 4.2). 
Deze soo rten  hebben een d ispersieperiode van m aar liefst ach t to t negen m aanden 
w aardoor ze in principe gro te afstanden kunnen  afleggen. D it kom t doo rdat ze lang 
drijvende d iasporen  hebben en doordat hun  diasporen  gedurende een lange periode 
vrijkomen van de ouderplant. Veel van deze soorten verkeren in k iem rust w aardoor ze 
de ongunstige w in terperiode  kunnen  overbruggen. Enkele soorten , w aaronder 
Kraakwilg, Glanshaver en Paardebloem, hebben hun dispersiepiek in de lente of zom er 
(Appendix 4.2). H un dispersieperiode bedraagt gem iddeld slechts twee m aanden en ze 
verkeren n iet in kiem rust. Een belangrijk ander resu ltaat van d it deelonderzoek is ook 
dat diverse soorten niet alleen gebruik m aken van verschillende typen diasporen (zaden 
en fragm enten), m aar ook d a t deze in verschillende perioden  van h e t jaar verbreid 
kunnen worden. De Pinksterbloem  (Fig. S8) is hiervan een voorbeeld.
De betekenis van de zaadvoorraad voor de vestiging van waterplanten
De zaadvoorraad onderzochten we op vijf locaties langs het Tw entekanaal (Hoofdstuk 
5). In 180 bodem m onsters werden in totaal 272.126 levensvatbare zaden en vegetatieve 
plantendelen gevonden. H et aandeel van russen (88%) en Grote kattenstaart (7%) was 
verreweg he t grootst, gevolgd door Klein en Veelwortelig kroos, G rote b randnetel en 
Riet. Behalve van S terrenkroos, w erden van andere ondergedoken w aterp lan ten  
nauwelijks diasporen aangetroffen, noch in de bovenste 5 cm van de sliblaag, noch in de 
bovenste 5 cm van de oorspronkelijke bodem laag. Een vergelijking m et de aanwezige 
w ater- en oevervegetatie lie t zien dat de zaadvoorraad in de onderw aterbodem  geen 
goede afspiegeling vorm t van de sam enstelling  van de ondergedoken vegetatie, m aar 
m eer lijk t op de begroeiing van de oevers en dus als he t w are voo ru itloo p t op 
toekom stige fasen van verlanding. Veel ondergedoken w aterplanten zoals Aarvederkruid 
en Smalle w aterpest waren wel aanwezig in de vegetatie, m aar niet in de zaadvoorraad.
G esteld kan w orden d a t de zaadvoorraad bij de (her)vestig ing van ondergedoken 
w aterplanten slechts een zeer beperkte rol kan spelen. D it betekent dat (her)vestiging 
van deze soorten  alleen m ogelijk is als zaden of vegetatieve delen van elders w orden 
aangevoerd.
De invloed van abiotische factoren op de vestiging van waterplanten
De variatie  in soo rtensam enste lling  van de vegetatie in 80 verschillende ondiepe 
oeverstroken langs he t Tw entekanaal en de Z uid-W illem svaart in N oord-Brabant kon 
verklaard w orden door enkele eigenschappen van de w aterkolom  en de w aterbodem  
(H oofdstuk 6). V egetatietypen m et ondergedoken w aterplan ten  w erden hoofdzakelijk 
gevonden in helder w ater m et relatief lage am m onium concentraties, op bodems m et een 
dunne (<  2 cm) sliblaag en w einig organische stof, w aarvan h e t bodem w ater geen
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sulfide en relatief weinig am m onium  bevatte. V egetatietypen die gedom ineerd werden 
door vrij drijvende soorten en Riet, kwamen ju ist voor in relatief troebele oeverstroken 
m et een dikke sliblaag, rijk aan organische sto f en am monium .
Om te testen  of ondergedoken w aterplan ten  inderdaad negatief beïnvloed w orden 
door de m ilieucondities in oeverstroken, werd een groeiexperim ent in een kweekkam er 
uitgevoerd (Hoofdstuk 7). Voor d it experim ent werd Rossig fonteinkruid gebruikt, één 
van de ondergedoken waterplanten die gedurende slechts één jaar in oeverstroken langs 
het Tw entekanaal w erd gesignaleerd (Fig. S9). Jonge scheuten  van deze p lan t w erden 
b loo tgeste ld  aan de gezam enlijke inw erking van drie m ogelijke s tresso ren  (stress 
veroorzakende factoren): een geringe beschikbaarheid van licht (vergelijkbaar m et de 
lichtbeschikbaarheid in oeverstroken die door de scheepvaart w orden beïnvloed), slib 
m et hoge am m onium concentraties (afkomstig u it oeverstroken) en een waterkolom  m et 
500 ^ m o l/lite r  n itra a t (vergelijkbaar m et de concentra ties in h e t Tw entekanaal). De 
groei werd vergeleken m et die onder lichte (kweekkamer)condities, op zand (afkomstig 
u it oeverstroken) en in n itraa tloos w ater. U it d it experim ent bleek dat een geringe 
lichtbeschikbaarheid en een hoge nitraatconcentratie van de waterlaag een significante 
groeireductie to t gevolg hebben. Beide factoren kunnen daarom  in ondiepe oeverstroken 
belangrijke stressoren voor ondergedoken w aterplanten zijn. Slib bleek geen stressor te 
zijn, althans n iet onder de (doorstroom )condities zoals die in de aquaria heersten. Wel 
hadden p lan ten  die op slib groeiden een veel hogere sp ru it/w orte lverhou d ing  dan 
p lan ten  van zandbodem s. D it is echter voor p lan ten , die in door schepen beïnvloede 
w aterzones op slib groeien, een ongunstige eigenschap, die m aakt da t ze re la tief 
gemakkelijk losgewoeld worden.
De aanwezigheid van een sliblaag is wel ongunstig voor ondergedoken w aterplanten 
in stilstaand water. Dit toonden we aan in een veldexperim ent m et grote, transparante 
cilinders die of een slibbodem  of een zandbodem  hadden (Hoofdstuk 8). In de cilinders 
m et slib werden in de zom er voedingsstoffen uit de bodem  vrijgemaakt en afgegeven aan 
de waterlaag. H ierdoor trad een snelle deling en groei op van de kroosplantjes die zich 
eerder vanu it de zaadvoorraad op he t w ater hadden gevestigd. H et gevolg was h e t 
on tstaan  van een d ich t kroosdek (Fig. 8.2) en een geringe beschikbaarheid  van licht 
onder h e t dek. U it de zandbodem , die veel m inder organische s to f en voedingsstoffen 
bevatte, kwam en slechts weinig voedingsstoffen vrij. Door gebrek aan voedingsstoffen 
gingen de h ier eveneens aanw ezige kroosp lan tjes n ie t to t deling over w aardoor een 
kroosdek achterwege bleef.
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Figuur S8 De Pinksterbloem vormt twee typen diasporen: zaden en kleine blaadjes die loslaten van de ouder- 
plant. De blaadjes, die goed kunnen drijven en gedurende het gehele jaar worden verspreid, zijn veel 
belangrijker voor de dispersie over grote afstanden dan de relatief slecht drijvende zaden. Deze foto van Wim 
Kok sierde de voorplaat van de Journal of Ecology (oktober 2004) waarin Hoofdstuk 4 werd gepubliceerd.
Figuur S9 Rossig fonteinkruid (met drijvende bladen en bloeiaren) werd gedurende één seizoen in een 
ondiepe oeverstrook bij Goor aangetroffen.
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Conclusies
Scheepvaartkanalen zoals h e t Tw entekanaal, die gevoed w orden door beken, 
transporteren  grote aantallen zaden en vegetatieve p lantendelen van heel veel soorten 
p lan ten , die in p rincipe n ieuw e en bestaande oeverstroken kunnen  koloniseren . In 
oeverstroken w orden ondergedoken w aterplan ten  echter geconfronteerd m et verschil­
lende stressoren waarvan lichtgebrek, slibophoping en eutrofiëring de belangrijkste zijn. 
Aangezien kanalen zijn aangelegd ten behoeve van de scheepvaart, zijn scheepspassages 
in h eren t aan deze vaarwegen evenals de h ierm ee sam enhangende resuspen sie  van 
sed im ent en de daarop volgende depositie en accum ulatie van slib in oeverstroken die 
m et h e t kanaal in verbinding staan . D aardoor is de vestiging van een soortenrijke 
vegetatie van ondergedoken waterplanten niet erg waarschijnlijk.
D it neem t n ie t weg dat zich toch een aantal aan re la tief troebel w ater aangepaste 
soo rten  w aterp lan ten  gedurende kortere  of langere tijd kan vestigen. D it zijn 
bijvoorbeeld Smalle w aterpest, Stom phoekig sterrenkroos en Schedefonteinkruid. N et 
als Grof hoornblad, dat ook vegetatievormend voorkom t in ondiepe oeverstroken, biedt 
deze vegetatie levensmogelijkheden aan ongewervelden en vissen die volledig ontbreken 
in kanalen m et traditionele oevers. De vestiging van dichte (w ater)rietgordels, die op 
veel p laatsen  in N ederland  ach teru it gaan, d raag t verder bij aan verhoging van de 
natuurw aarden  van kanaaloevers. R esum erend kan gesteld w orden dat de aanleg van 
ondiepe oeverstroken bijdraagt aan een aanzienlijke vergroting van de biodiversiteit van 
kanalen.
Praktische betekenis van de resultaten
De resultaten van d it werk hebben ook een praktische betekenis, in het bijzonder voor 
het ontwerp en beheer van oevers van kanalen en andere w atersystem en (Hoofdstuk 9). 
Voor een deel zijn ze eerder verw erkt to t aanbevelingen aan en adviesrapporten voor 
w aterbeheerders en on tw erpers van oevers. Ook zijn ze opgenom en in een d rietal 
artikelen, gepubliceerd in het tijdschrift voor het waterbeheer, H2O. Hier w orden to t slot 
acht concrete aanbevelingen gepresenteerd:
•  Bij he t opstellen van verbeteringsplannen voor oevers van kanalen en andere grote 
w ateren w aarin de vestiging van een gevarieerde w atervegetatie een doel is, is een 
landschapsecologische benadering gew enst. D it b e teken t in de p rak tijk  dat in kaart 
gebracht w ordt welke beken of andere watergangen afwateren op het systeem, w at de 
w aterkw alite it is van deze w ateren , w aar zich b ro npopulaties van doelsoorten  
bevinden en waar zich knelpunten voor dispersie bevinden. Als deze basisinformatie 
beschikbaar is, kan m et behulp  van de dispersiegegevens van individuele soorten 
(H oofdstuk 3 en 4) een goede voorspelling gedaan w orden van de po ten tië le  
vegetatie in de nieuw gecreëerde habitats. Inzicht in de regionale en lokale hydrologie 
is ook wenselijk. Wegzijging van w ater u it het kanaal kan leiden to t waardevolle
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kw elsituaties in aangrenzende, lager gelegen gebieden1. W aar het kanaal lager ligt 
dan zijn omgeving, kan w ater on ttrokken w orden aan aangrenzende gebieden m et 
verdroging to t gevolg;
•  In h e t kanaal of de rivier zelf is een systeemecologische benadering gewenst, waarbij 
gegevens over de fysisch-chem ische kenm erken van w ater en w aterbodem  en bio­
tische eigenschappen w orden sam engebracht. Op deze w ijze kunnen  goede voor­
spellingen gedaan worden over kansrijkdom van projecten;
•  H et uitzaaien of aanplanten van waterplanten, riet of andere m oerasplanten in nieuw 
aangelegde oeverstroken is ongew enst. In veel gevallen is w ater een rijke bron van 
zaden en vegetatieve delen van waaruit zich een gevarieerde vegetatie kan vestigen;
•  In oeverstroken, die m et een kanaal in verbinding staan, is een goede w ater- 
uitw isseling  gew enst. V oorkom en m oet w orden d a t voedselrijk  w ater stagneert 
boven een sliblaag, aangezien d it leidt to t algenbloei en kroosdekken;
•  H et is w enselijk  in oeverprojecten ook p lassen te rea liseren  die volledig van het 
voedselrijke kanaal geïsoleerd zijn. D ergelijke w aterpartijen  bieden alternatieve 
m ogelijkheden aan w ortelende w aterp lan ten . Bovendien vinden am fibieën hierin  
betere leefmogelijkheden dan in door het kanaal beïnvloede stroken;
•  H et verwijderen van slib uit oeverstroken leidt to t het verdwijnen van (ongewenste) 
kroosdekken;
•  Op plaatsen w aar de vooroever ondoorlaatbaar is, kan nabij uitw isselingsopeningen 
Riet in de oeverstrook aangeplant w orden (Fig. 9.3). Deze stroken kunnen als helo- 
fytenfilter fungeren, w aardoor de w aterkw aliteit en de m ogelijkheden voor onder­
gedoken waterplanten achter deze rietstroken zullen verbeteren;
•  H et flo w  pulse of flood  pulse concept zou de leidraad m oeten zijn bij h e t beheer van 
rivieren en beken. Hoogw ater op zijn tijd (Fig. S10) m aakt dat zaden zich kunnen 
verspreiden vanuit de rivier of beek naar geulen, plassen, m oerassen en graslanden 
naast de stroom . M et ander woorden: 'Go w ith the flo w ’2.
1 Zie hiervoor bijvoorbeeld Boeye et al. (1996); Bruinsma & Brekelmans (2002) en Duijn (2000)
2 Zie het artikel over mijn onderzoek van Gaby van Caulil (2004): Go with the flow. Bionieuws, 15, p. 3.
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Figuur S10 Perioden van hoog water ('flow pulses’ of 'flood pulses’) zijn erg belangrijk voor de dispersie van 
planten en andere organismen. Hierdoor worden verbindingen tussen populaties in het rivierenland tot stand 
gebracht. De foto laat een overstroomde uiterwaard van de rivier de IJssel zien, genomen op geringe afstand 
van de uitmonding van het Twentekanaal.
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Het oude Winschoterdiep in Scheemda: de plek van mijn jeugd.
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Curriculum vitae
Op 14 oktober 1949 werd ik geboren in het Oost-Groningse Scheemda, waar ik ook mijn 
jeugd doorbrach t. N a de lagere school ging ik naar h e t G em eentelijk  Lyceum in 
W inscho ten  (gym nasium  ß). In 1970 begon ik m et m ijn s tud ie  biologie aan de 
R ijksuniversiteit G roningen. N adat ik op Schierm onnikoog de cursussen  p lan ten - en 
dierecologie had gevolgd, w ist ik dat ik in die richting verder wilde. N a het behalen van 
h e t kandidaatsexam en in 1974, heb ik dan ook in de doctoraalfase drie jaar lang 
ecologisch veldonderzoek verricht. Tussen 1974 en 1976 bestudeerde ik in een m oeras­
gebied in het dal van de D rentse A de relatie tussen vegetatie, bodem  en hydrologie. De 
doctoraalscriptie m ondde u it in een artikel in h e t tijdschrift A cta  Botanica Neerlandica. 
Tijdens de w inter van 1976-1977 stonden biotoop- en voedselkeuze, territo ria lite it en 
jaagritm iek van de Blauwe kiekendief centraal. Hiervoor verbleef ik bij de R ijksdienst 
voor de IJsselm eerpolders in Flevoland, w aar destijds honderden Blauwe kiekendieven 
overw interden. De doctoraalscrip tie  over d it onderw erp leidde to t een artikel in h e t 
tijdschrift Limosa. Tussen 1974 en 1976 was ik tevens student-assisten t bij het Labora­
torium  voor Plantenoecologie m et als taak he t begeleiden van derdejaarsstuden ten  
tijdens hun  onderzoek aan duinvegetaties op Schierm onnikoog en langs de Franse 
w estkust. Ook verzorgde ik in de H ortus Botanicus in Haren regelm atig rondleidingen 
voor publiek.
Nadat ik in 1977 mijn studie had afgerond ('ad sum m os honores’) ging ik werken als 
docent biologie in D eventer. In 1978 volgde een aanstelling  als docen t aan de Rijks­
scholengem eenschap voor HAVO en A theneum  (thans S taring College) te Lochem. 
N aast h e t lesgeven organiseerde en begeleidde ik gedurende vele jaren (natuur)w erk- 
w eken naar de w addeneilanden en andere m eerdaagse excursies naar onder m eer 
Twente, W intersw ijk, de N oord-H ollandse duinen en Zuid-Lim burg. Ik begeleidde de 
schoolkrant, de leerlingenvereniging en was decaan. Verder volgde ik bij de Universitaire 
Lerarenopleiding in N ijm egen de cursus 'begeleiden van leerlingen’ om  mijn 
p ro fessionalite it als leraar verder te vergroten. In 1990, een half jaar na de Fluwelen 
Revolutie, bracht ik via Tsjechische vrienden een uitwisseling to t stand tussen leerlingen 
en een aantal docenten van onze school en die van een gymnasium in Praag. Later volgde 
een uitw isseling m et een gym nasium  in A thene en begeleidde ik (mede) de werkweek 
voor gymnasiumleerlingen naar Rome.
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Buiten school rich t(te ) ik mij op m ijn gezin, op spo rt (atle tiek, schaatsen) en op de 
n a tu u r (voorzitter IVN; coörd inator FLORON). In 1990-1991 volgde ik fu lltim e een 
eenjarige opleiding 'm ilieub ele id sku nde’ verzorgd door h e t Van H all-In stitu u t te 
Leeuw arden, die ik m et succes afrondde. De scrip tie “Locatievoorstellen voor de 
realisatie van natuurvriendelijke oevers langs de rijkswateren in de provincie Overijssel”, 
die ik naar aanleiding van een stage bij Rijkswaterstaat schreef, vormde de basis voor de 
oeverinrichtingsplannen van deze d ienst. Zij vorm de tevens de s ta r t  van een nieuw e 
periode in m ijn loopbaan, w aarin  verdieping van m ijn ecologische kennis en h e t 
toepasbaar m aken van deze kennis centraal zouden staan.
Om dit gestalte te geven richtte ik in 1992 een eigen onderzoeksbureau op. Ik ging 
w at m inder op school w erken om  d it in itia tie f een kans te geven en d it luk te. Als 
adviseur van R ijksw aterstaat kreeg ik zitting  in m ultid iscip linaire projectgroepen die 
visies en plannen opstelden voor de verbreding van scheepvaartkanalen en het ecologisch 
verbeteren  van oevers. D oordat ik na rea lisa tie  van pro jecten  op verzoek van Rijks­
w aterstaat ook het m onitoringonderzoek uitvoerde, kreeg ik inzicht in de effecten van de 
opgestelde p lannen  voor n a tu u r en landschap en kon ik beoordelen  of gestelde 
ecologische doelen gehaald w erden. Specifiek w erd m ijn aandacht getrokken door de 
kolonisatie van nieuw  aangelegde, ondiepe oeverstroken door w aterplan ten . D it werd 
dan ook het them a van m ijn prom otiestudie, w aarm ee ik in 1998, naast m ijn w erk als 
docent, begon. Tussen augustus 1999 en augustus 2003 nam  ik onbetaald verlof en kon 
ik fulltim e aan h e t onderzoek w erken. Veel van de resu lta ten  w erden op verzoek van 
R ijkswaterstaat verwerkt to t adviezen voor beheer en inrichting van oevers. Ook kon ik 
in de onderzoeksperiode al een aantal artikelen schrijven. In 2003 verzorgde ik de cursus 
ecohydrologie voor de Hogeschool Larenstein te Velp. V erder was ik van juli 2003 tot 
mei 2004 als deeltijdonderzoeker verbonden aan de Radboud Universiteit. Gedetacheerd 
bij de R ijksun iversiteit G roningen had ik als taak h e t verzam elen en bew erken van 
gegevens voor de E uropese D atabase voor p lan tkenm erken  'LEDA’. V anaf augustus 
2003 to t in h e t voorjaar van 2005 heb ik, naast m ijn baan als docent biologie aan het 
Staring College te Lochem, d it proefschrift afgerond. In deze fase vond ik nog tijd om 
een aantal onderzoeksresultaten voor het voetlicht te brengen tijdens sym posia van de 
B ritish Ecological Society in L ancaster en de N ederlands-V laam se V ereniging voor 
Ecologie te ’s-Hertogenbosch.
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Questions or comments?
In the previous chapters, I have elucidated som e ecological consequences of dispersal, 
propagule banks and abiotic conditions for the establishm ent of aquatic vegetation. If 
you have any questions, com m ents or suggestions on th is sub ject or on ecological 
engineering along w ater bodies, please do no t hesitate to contact me.
Vragen of opmerkingen?
In d it proefschrift ben ik ingegaan op de betekenis van dispersie, de zaadvoorraad en 
enkele om gevingsfactoren op de vestiging van w aterplanten. Als u over d it onderwerp 
vragen heeft o f opm erkingen w ilt m aken, aarzel dan n ie t om  contact m et m e op te 
nemen. Dit geldt zeker ook voor vragen en advies over ecologische aspecten betreffende 
in rich ting  en beheer van gro te en kleine w ateren  of over h e t (laten) verrich ten  van 
gespecialiseerd aquatisch ecologisch onderzoek.
Ger Boedeltje 
Radboud University
Department of Aquatic Ecology and Environmental Biology 
Toernooiveld 1 
6525 ED Nijmegen 
G.Boedeltje@science.ru.nl
Bureau Daslook 
Lochem
daslook@tiscali.nl
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Sampling of (pore)water within a vegetation of Potamogeton pectinatus
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Glossary1
abiotic factors the non-living (chemical and physical) environment of organisms.
alkalinity the capacity of water to accept protons; it is mostly taken as an indication of the 
concentration of carbonate, bicarbonate and hydroxide.
allocation of biomass proportional distribution of biomass among different organs in a plant. 
ambient of, or relating to the surrounding environmental conditions. 
anoxic conditions conditions without oxygen.
backwater shallow water zone along banks of large water bodies such as navigation canals, rivers 
and lakes protected from the main water body by wave-breaking structures (e.g. dams or sheet 
piles).
biomass plant dry mass.
biodiversity the number and variety of species in an ecological system. 
buoyancy the capacity to be or to remain floating in water. 
catchment area the area from which rainfall flows into a river or canal.
colonization the process of arrival of a species in a geographic region where it did not previously 
occur.
denitrification the microbial conversion of nitrate ions into nitrogen gas. 
diaspore the plant unit (seed, fruit, vegetative part) actually dispersing. 
discharge the volume of water flowing for a given period of time.
dispersal phenology the period of time (season) during which diaspores of a plant species are 
being dispersed.
dormancy state of seeds or vegetative units (e.g. turions) that fail to germinate or emerge when 
exposed to a favourable environment.
1 Mainly from: Calow, P., Falk, D.A., Grace, J., Moore, P.D., Shorrocks, B. & Stearns, S.C. (eds) (1998) The 
Encyclopedia of Ecology & Environmental Management. Blackwell Science, Abingdon, Oxon.
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ecosystem ecological system that consists of all the organisms in an area and the physical and 
chemical components with which they interact.
emergent vegetation a particular group of aquatic plant species which usually have their roots in 
submerged sediments but their stems, leaves and inflorescences above water.
epiphytic algae algae that grow upon the surface of a plant, using its host only for support.
establishment the formation of a local population of a species which exhibits the ability to 
increase.
eutrophic waters waters which display high concentrations of plant nutrients (notably nitrogen and 
phosphorus) associated with high biomass production, usually with low transparency.
germination process during which a seed absorbs water, followed by the emergence of the radicle 
through the seed coat.
hydrochory dispersal by water.
interstitial water water occurring in the spaces between the individual particles that comprise 
aquatic sediments or terrestrial soils.
macrophyte a macroscopic, submerged or floating aquatic plant.
microsite the subset of environmental conditions within a habitat (e.g. backwater) that are suitable 
for the establishment of a particular species.
nitrification the microbial conversion of ammonia to nitrate ions.
nitrogen assimilation the absorption and use of nitrogen in the building up of plant tissues. 
nutrient load the total amount of plant nutrients in the water column.
ordination mathematical system for e.g. categorizing communities on a graph so that those that are 
most similar in species composition appear closest together.
phenology the study of periodic biological phenomena, especially in relation to seasonal 
environmental cycles.
photosynthetic active radiation (PAR) part of the electromagnetic spectrum (400-700 nm) that 
drives photosynthesis.
phytoplankton microscopic small algae that are adapted to live suspended in the open water. 
plant community the botanical component of an ecosystem.
plant dispersal the movement of plant diaspores away from where they were produced. 
pore water see interstitial water.
propagule plant unit (seed, fruit or vegetative part) that has been deposited at the soil or at the 
sediment after dispersal.
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redox potential a measure of the ability of an electron carrier to act as a reducing (addition of 
electrons) or oxidizing (removal of electrons) agent.
riparian vegetation the group of plant species growing on a river or stream bank.
rooted aquatic plants plant species that have their roots in the submerged sediment or soil.
root : shoot ratio ratio between root biomass and shoot biomass.
sediment unconsolidated deposits of either minerogenic or organic origin
species pool the set of species occurring in a certain region which are capable of coexisting in the 
target community (e.g. the submerged vegetation with pondweeds in backwaters).
stressor environmental factor that reduces the growth or performance of an organism.
submerged vegetation a particular group of aquatic plant species entirely growing under water.
turion a reduced branch, with highly modified leaves, which is borne in a leaf axil or at the apex of a 
stem (e.g. characteristic for several pondweed species); after it has been detached it can be dispersed 
by water.
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